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1 Synopsis 



1. The understanding of the mechanism responsible for the breakdown of the electroweak 
symmetry is one of the central problems in particle physics. If the fundamental particles 
- leptons, quarks and gauge bosons - remain weakly interacting up to high energies, then the 
sector in which the electroweak symmetry is broken must contain one or more fundamental 
scalar Higgs bosons with masses of the order of the symmetry breaking scale w ~ 174 GeV. 
Alternatively, the symmetry breaking could be generated dynamically by novel strong forces 
at the scale A ~ 1 TeV. However, no compelling model of this kind has yet been formulated 
which provides a satisfactory description of the fermion sector and reproduces the high precision 
electroweak measurements. 

2. The simplest mechanism for the breaking of the electroweak symmetry is realized in the 
Standard Model (SM) To accommodate all observed phenomena, a complex isodoublet 
scalar field is introduced which, through self-interactions, spontaneously breaks the electroweak 
symmetry SU(2)lxU(1)y down to the electromagnetic U(1)em symmetry, by acquiring a non- 
vanishing vacuum expectation value. After the electroweak symmetry breakdown, the interac- 
tion of the gauge bosons and fermions with the isodoublet scalar field generates the masses of 
these particles 0. In this process, one scalar field remains in the spectrum, manifesting itself 
as the physical Higgs particle H. 

The mass of the SM Higgs boson is constrained in two ways. Since the quartic self-coupling 
of the Higgs field grows indefinitely with rising energy, an upper limit on the Higgs mass is 
obtained by demanding that the SM particles remain weakly interacting up to a scale A On 
the other hand, stringent lower bounds on the Higgs mass can be derived from the requirement 
of stability of the electroweak vacuum P, ||. Hence, if the Standard Model is valid up to 
scales near the Planck scale, then the SM Higgs mass is restricted to the range between ~ 130 
GeV and ~ 180 GeV, for a top-quark mass Mt ~ 176 GeV. Moreover, if the Higgs particle is 
discovered in the mass range up to the 100 GeV accessible at LEP2, this will imply that new 
physics beyond the Standard Model should exist at energies below a scale A of order 10 TeV. 
[These bounds become stronger (weaker) for larger (smaller) values of the top quark mass]. 

The high precision electroweak data give a slight preference to Higgs masses of less than 
100 GeV, despite the fact that the electroweak observables depend only logarithmically on the 
Higgs mass through radiative corrections [H. They do not, however, exclude values up to ~ 700 
GeV at the 2a level 0, thus sweeping the entire Higgs mass range of the Standard Model. By 
searching directly for the SM Higgs particle, the LEP experiments have set a lower bound, 
niH > 65.2 GeV [95% CL], on the Higgs mass. 

The dominant production mechanism for the SM Higgs boson within the energy range of 
LEP2 is the Higgs-strahlung process e~^e~ ZH in which the Higgs boson is emitted from a 
virtual Z boson |Q. The cross section monotonically falls from ~ 1 pb at ttih ~ 65 GeV down 
to very small values for Higgs masses near the kinematical threshold. The cross section for the 
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production of Higgs bosons via WW fusion [1^] is nearly two orders of magnitude smaller 



at LEP2, except at the edge of the phase space for Higgs-strahlung where both are small. In 
the mass range between 60 and 120 GeV, the dominant decay mode of the SM Higgs particle 



is bb |12|. Branching ratios for Higgs decays to r+r , cc and gg final states are suppressed by 



an order of magnitude or more. 

The experimental search for the SM Higgs boson at LEP2 will be based primarily on the 
Higgs-strahlung process. The Z boson can easily be reconstructed in all charged leptonic and 
hadronic decay channels while the Higgs decay mostly leads to bb and, less frequently, to r+r^ 
final states. Moreover, neutrino decays of the Z boson, augmented by W fusion events, can 
be exploited in the experimental analyses. Higgs events can be searched for with an average 
efficiency of about 25%. Exploiting micro-vertex detection for tagging b quarks, the Higgs 
events can be well discriminated from the main background process of ZZ production even for 
a Higgs mass near the Z mass. When the results of all four LEP experiments are combined, 
after accumulating an integrated luminosity J C = 150 pb~^ per experiment, the SM Higgs 
boson can be discovered in the mass range up to mn — 95 GeV at LEP2 for a total center of 
mass energy of ^/s = 192 GeV. 



3. If the Standard Model is embedded in a Grand Unified Theory (GUT) at high energies, 
then the natural scale of electroweak symmetry breaking would be close to the unification scale 
-^GUT, due to the quadratic nature of the radiative corrections to the Higgs mass. Super- 
symmetry [|13| provides a solution to this hierarchy problem through the cancellation of these 
quadratic divergences via the contributions of fermionic and bosonic loops fl^. Moreover, the 



Minimal Supersymmetric extension of the Standard Model (MSSM) can be derived as an ef- 
fective theory from supersymmetric Grand Unified Theories [|15|, involving not only the strong 
and electroweak interactions but gravity as well. A strong indication for the realization of this 
physical picture in nature is the excellent agreement between the value of the weak mixing angle 
sin^ 9w predicted by the unification of the gauge couplings, and the measured value In 
particular, if the gauge couplings are unified in the minimal supersymmetric theory at a scale 
-^GUT = O{10^^ GeV) and if the mass spectrum of the supersymmetric particles is of order mz, 
then the electroweak mixing angle is predicted to be sin^ 9w = 0.2336±0.0017 in the MS scheme 
for as = 0. 118 =F 0.006, to be compared with the experimental result sin^ = 0.2314 ±0.0003. 
Threshold effects at both the low scale of the supersymmetric particle spectrum and at the high 
unification scale may drive the prediction for sin^ 9w even closer to its experimental value. 

In the past two decades a detailed picture has been developed of the Minimal Supersymmet- 
ric Standard Model. In this extension of the Standard Model the Higgs sector is built up of two 
doublets, necessary to generate masses for up- and down-type fermions in a supersymmetric 



theory, and to render the theory anomaly-free p2|. The Higgs particle spectrum consists of a 



quintet of states: two CP-even scalar {h, H), one CP-odd pseudoscalar neutral (A), and a pair 
of charged (i^^) Higgs bosons . 
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Since the tree-level quartic Higgs self-couplings in this minimal theory are determined in 
terms of the gauge couplings, the mass of the lightest CP-even Higgs boson h is constrained very 
stringently. At tree- level, the mass rrih has been predicted to be less than the Z mass [^, |25|. 



Radiative corrections to m\ grow as the fourth power of the top mass and the logarithm of the 
stop masses. They shift the upper limit to about < 150 GeV |2^, depending on the MSSM 
parameters. 

The upper limit on mh depends on tan (3, the ratio of the vacuum expectation values associ- 
ated with the two neutral scalar Higgs fields. This parameter can be constrained by additional 
symmetry concepts. If the theory is embedded into a grand unified theory, the h and r Yukawa 
couplings can be expected to unify at Mqut- The condition of h-r Yukawa coupling unification 
determines the value of the top-quark Yukawa coupling at low energies thus explaining 



qualitatively the large value of the top quark mass |T8|,p9|-[^. For the present experimental 



range [Q, Mt = 180 ± 12 GeV, the condition of b-r unification implies either low values of 
tan/3, 1 ^ tan/3 < 3, or very large values of tan/? = 0{mt/mb) [^-[0. In the small tan/3 
regime, the top-quark mass is strongly attracted to its infrared fixed point |3^, implying a 
strong correlation between the top-quark mass and tan j3. The large tan j3 regime is more 
complex because of possible large radiative corrections to the h quark mass associated with 
supersymmetric particle loops For small tan/3 and Mt < 176 GeV, the upper bound 



on the mass of the lightest neutral Higgs particle is reduced to ~ 100 GeV. This mass bound 
is just at the edge of the kinematical range accessible at a center of mass energy of 192 GeV 



[p7| - raising the prospects of discovering this Higgs boson at LEP2. 



The structure of the Higgs sector in the MSSM at tree level is determined by one Higgs 
mass parameter, which we choose to be mA, and tan/?. The mass of the pseudoscalar Higgs 
boson mA may vary between the present experimental lower bound of 45 GeV and ~ 1 TeV, 
the heavy neutral scalar mass rriH is in general larger than ~ 120 GeV, and the mass of the 
charged Higgs bosons exceeds ~ 90 GeV. Due to the kinematics the primary focus at LEP2 
will be on the light scalar particle h and on the pseudoscalar particle A. In the decoupling 
limit of large A mass [yielding large H, masses] , the Higgs sector becomes SM like and the 
properties of the lightest neutral Higgs boson h coincide with the properties of the Higgs boson 
H in the Standard Model 

The processes for producing the Higgs particles h and A at LEP2 are Higgs-strahlung 
e~^e~ — >• Zh, and associated pair production e'^e~ — > Ah [^. These two processes are com- 



plementary. For small values of tan /3 the h Higgs boson is produced primarily through Higgs- 
strahlung; if kinematically allowed, associated Ah production becomes increasingly important 
with rising tan (3. The typical size of the cross sections is of order 1 pb or slightly below. The 
dominant decay modes of the h, A Higgs bosons are decays into b and r pairs, if we consider 



SM particles in the final state |]12[. Only near the maximal h mass for a given value of tan/3 
do cc and gg decays occur at a level of several percent, in accordance with the decoupling 
theorem. However, there are areas in the SUSY [fi, M2] parameter space where Higgs particles 
can decay into invisible XiXi LSP final states or possibly other neutralino and chargino final 
states jHOl O]. If the LSP channel is open, the h and A invisible decay branching ratios can be 
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close to 100% for small to moderate values of tan p. However, the Higgs boson h can still be 
found in the Higgs-strahlung process. The pseudoscalar A, produced only in association with 
h, would be hard to detect in this case since both particles decay into invisible channels for 
small tan (3. 

The experimental search for h in the Higgs-strahhmg process follows the lines of the Stan- 
dard Model, while for associated Ah production bbbb and bbT~^T~ final states can be exploited. 
Signal events of the Ah type can be searched for with an efficiency of about 30%; the back- 
ground rejection is somewhat more complicated than for Higgs-strahlung, due to two unknown 
particles in the signal final state. For small to moderate tan /3, h particles with masses up to 
~ 100 GeV can be discovered in the Higgs-strahlung process. For large tan f3 the experimen- 
tally accessible limits are typically reduced by about 10 GeV. The pseudoscalar Higgs boson A 
is accessible for masses up to about 80 GeV. [These limits are based on the LEP2 energy of 192 
GeV and an integrated luminosity oi J C = 150 pb^^ per experiment, with all four experiments 
pooled.] 

The supersymmetric theory may be distinguished from the Standard Model if one of the 
following conditions occurs: (i) at least two different Higgs bosons are found; (ii) precision 
measurements of production cross sections and decay branching ratios of h can be performed 
at a level of a few per cent; and (iii) genuine SUSY decay modes are observed. Near the 
maximum h mass, the decoupling of the heavy Higgs bosons reduces the MSSM to the SM 
Higgs boson except for the SUSY decay modes. 

4. In summary. If a neutral scalar Higgs boson is found at LEP2, new physics beyond the 
Standard Model should exist at scales of order 10 TeV. In the framework of the Minimal 
Supersymmetric extension of the Standard Model, there are good prospects of discovering the 
lightest of the neutral scalar Higgs bosons at LEP2. Even though this discovery cannot be 
ensured, observation or non-observation will have far reaching consequences on the possible 
structure of low-energy supersymmetric theories. 

In section 2 the theoretical analysis and experimental simulations for the search for the 
Higgs boson in the Standard Model are presented. In section 3 the Higgs spectrum and the 
couphngs in the MSSM as well as the relevant cross sections and branching ratios are studied. 
In addition, the results of the experimental simulations are thoroughly discussed. Section 4 
investigates opportunities of detecting Higgs particles at LEP2 within non-minimal extensions 
of the SM and the MSSM. In particular, the next-to-minimal extension of the MSSM with an 
additional isoscalar Higgs field (NMSSM) is studied. 

2 The Standard-Model Higgs Particle 
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2.1 Mass Bounds 



(i) Strong interaction limit and vacuum stability. Within the Standard Model the value of the 



Higgs mass mn cannot be predicted. The mass tjih = v2Af is given as a function of the 
vacuum expectation value of the Higgs field, t> = 174 GeV, and the quartic coupling A which 
is a free parameter. However, since the quartic coupling grows with rising energy indefinitely, 
an upper bound on rriH follows from the requirement that the theory be valid up to the scale 
Mpianck or up to a given cut-off scale A below Mpianck The scale A could be identified 
with the scale at which a Landau pole develops. However, in the following the upper bound on 
niH shall be defined by the requirement A(A)/4'7r < 1 so that A characterizes the energy where 
the system becomes strongly interacting. [This scale is very close to the scale associated with 
the Landau pole in practice.] The upper bound on tuh depends mildly on the top-quark mass 
through the impact of the top-quark Yukawa coupling on the running of the quartic coupling 
A, 

— = ( A^ + \h1 — hf) + elw. corrections (1) 
at loTT^ ^ ^ 

with t = ln((5^/A^). The first two terms inside the parentheses are crucial in driving the quartic 
coupling to its perturbative limit. On the other hand, the requirement of vacuum stability in 
the SM imposes a lower bound on the Higgs boson mass, which depends crucially on the top- 
quark mass as well as on the cut-off A 3. Again, the dependence of this lower bound on 
Mt is due to the effect of the top-quark Yukawa coupling on the quartic coupling of the Higgs 
potential [third term inside the parentheses of eq.(|^)], which drives A to negative values at large 
scales, thus destabilizing the standard electroweak vacuum. 

Fig.|l| shows the perturbativity and stability bounds on the Higgs boson mass of the SM 
for different values of the cut-off A at which new physics is expected. From the point of view 
of LEP physics, the upper bound on the SM Higgs boson mass does not pose any relevant 
restriction. The lower bound on ttih, instead, needs to be carefully considered. To define 
the conditions for vacuum stability in the SM and to derive the lower bounds on m^/ as a 
function of Mt, it is necessary to study the Higgs potential for large values of the Higgs field (j) 
and to determine under which conditions it develops an additional minimum deeper than the 
electroweak minimum. The renormalization group improved effective potential of the SM is 
given by 

2 

where Vq and Vi are the tree-level potential and the one-loop correction, respectively. A 
rigorous analysis of the structure of the potential has been done in Ref. [§]. Quite generally it 
follows that the stability bound on mn is defined, for a given value of Mt, as the lower value of 
rriH for which A(0) > for any value of below the scale A at which new physics beyond the 
SM should appear. From eq.(0) it is clear that the stability condition of the effective potential 
demands new physics at lower scales for larger values of Mt and smaller values of rriH- 

From Fig.|I]it follows that for Mt = 175 GeV and mn < 100 GeV [i.e. in the LEP2 regime] 
new physics should appear below the scale A ~ a few to 100 TeV. The dependence on the 



Veff. = Vo + V^c^ -m\t)4>\t) + -^^\t) (2) 
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Figure 1: Strong interaction and stability bounds on the SM Higgs boson mass. A denotes the 
energy scale where the particles become strongly interacting. 



top-quark mass however is noticeable. A lower value, Mt ~ 160 GeV, would relax the previous 
requirement to A ~ 10^ TeV, while a heavier value Mt ~ 190 GeV would demand new physics 
at an energy scale as low as 2 TeV. 

The previous bounds on the scale at which new physics should appear can be relaxed if 
the possibility of a metastable vacuum is taken into account |^2|. In fact, if the effective 



potential of the SM has a non-standard stable minimum deeper than the standard minimum, 
the decay of the electroweak minimum by thermal fluctuations or quantum tunnelling to the 
stable minimum must be suppressed. In this case, the lower bounds on mn follow from requiring 
that no transition at any finite temperature occurs, so that all space remains in the metastable 
electroweak vacuum. In practice, if the metastability arguments are taken into account, the 
lower bounds on ttlh become gradually weaker. They seem to disappear if the cut-off of the 
theory is at the TeV scale; however, the calculations are technically not reliable in this energy 
regime. Moreover, the metastability bounds depend on several cosmological assumptions which 
may be relaxed in several ways. 

(ii) Estimate of the Higgs mass from electroweak data. Indirect evidence for a light Higgs boson 
comes from the high-precision measurements at LEP |^ and elsewhere. Indeed, the fact that 
the SM is renormalizable only after including the top and Higgs particles in the loop corrections 
shows that the electroweak observables should be sensitive to these particle masses. Although 
the sensitivity to the Higgs mass is only logarithmic, while the sensitivity to the top-quark 
mass is quadratic, the increasing precision of present experiments makes it possible to derive 
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Figure 2: A^^ 



V — V 



^js rriH curves. Continuous line: based on all LEP, SLD, pp and vN 



data; dashed line: as before, but excluding the LEP+SLD measurements of Rb and Rd dotted 
line: LEP data including measurements of Rb and Re- In all cases, the direct measurement of 
Mt at the TEVATRON is included. 



curves as a function of mu- Several groups have performed an analysis of mu by means 
of a global fit to the electroweak data, including low and high energy data. In the light of 
the recent direct determination of M^, the results favor a light Higgs boson. With all LEP, 
SLD, pp and i/N data included, a central value for mu around 80 GeV and Mt ~ 170 GeV is 
obtained 0. However, the recently reported LEP values of Rb = T z^bl/^ z^hadrons and Rc = 
T z^cc/^ z^hadrons which are more than 2 standard deviations away from the SM predictions, and 
the left-right asymmetries of SLD which still lead to a 2a discrepancy in sin^ 6]^ compared with 
LEP analyses, have drastic effects on the SM fits. Fig.^ shows Ax^ = id ~ xLin ^ function 
of rriH', the curve is rather flat at the minimum due to the mild logarithmic dependence of the 
observables on m^^. It should be noticed in this context that the bounds on mu become very 
weak if Rb, Rc and/or the left-right asymmetries are excluded from the data. 
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In summary. It is clear that the indirect bounds on mu cannot assure the existence of a 
Ught Higgs boson at the reach of LEP2. However, the fact that the best fit to the present 
high-precision data tends to prefer a hght SM Higgs boson, indicates that this particle may be 
found either at LEP or LHC On the other hand, the stability bounds imply that if the Higgs 
boson is light, new physics beyond the Standard Model should appear at relatively low energies 
in the TeV regime. 



2.2 Production and Decay Processes 

The main mechanism for the production of Higgs particles in e^e~ collisions at LEP2 energies 
is the radiation off the virtual Z-boson line ||^ , 

Higgs-strahlung : e^e^ ZH (3) 



The fusion process |TU|, |TT| in which the Higgs bosons are formed in WW collisions, the 
virtual W^s radiated off the electrons and positrons, 

WW fusion : e+e" Ve^eH (4) 

has a considerably smaller cross section at LEP energies. It is suppressed by an additional power 
of the electroweak coupling with respect to the Higgs-strahlung process, becoming competitive 
only at the edge of phase space in (^), where the Z boson turns virtual. In this corner, however, 
both cross sections are small and the experimentally accessible mass parameter space will be 
extended only slightly by the fusion channel. 




e Z e 

Figure 3: Higgs-strahlung and WW fusion of the SM Higgs boson. 



2.2.1 Higgs-strahlung 

The cross section for the Higgs-strahlung process can be written in the following compact form: 

a e+e- ^ ZH = (vl + al) ^ 5 

where ^/s denotes the center-of-mass energy, and = —1, = — 1 + are the Z charges 
of the electron; A = (1 — rn^j/ s — m\/ — 'im'\jm\/s'^ is the usual two-particle phase space 
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function. The radiative corrections to the cross section are well under control. The genuine 
electroweak corrections are small at the LEP energy, less than 1.5% (for a recent review see 
Ref . [H ) ■ By contrast, photon radiation affects the cross section in a significant way. The 



bulk of the corrections, real and virtual contributions due to photons and e~^e pairs, can be 
accounted for by convoluting the Born cross section in eq.(|^) with the radiator function G{x), 

{a) = dxG{x)a{xs) (6) 

JxH 

with xh = Tn\j/s. The radiator function is known to order a^, including the exponentiation of 
the infrared sensitive part, 

G{x) = /3 (1 - xf-' 6v+s + Sh{x) (7) 

where Sy+s and 6h are polynomials in logs /ml and /3 = ^ [log s/m^ — 1]. Sy+s accounts for 
virtual and soft photon effects, 6h for hard photon radiation. The 5's are given in Ref. |^ . 



The cross-section for Higgs-strahlung is shown in Fig.§ for the three representative energy 



values a/s = 175, 192 and 205 GeV as a function of the Higgs-mass The curves include 
all genuine electroweak and QED corrections introduced above. The Z boson in the final state 
is allowed to be off-shell, so that the tails of the curves extend beyond the on-shell limit rriH = 
— mz- [The Higgs boson is so narrow, Th < 3 MeV for itlh < 100 GeV, that the particle 
need not be taken off-shell.] From a value of order 0.3 to 1 pb at nifj ~ ^/s — 110 GeV, the 
cross section falls steadily, reaching a level of less than 0.05 pb at the mass itlh ~ ^/s — 90 GeV. 



Since the Higgs particle decays predominantly to bb and r+r~ pairs, the observed final state 
consists of four fermions. Among the possible final states, the channel fi~^fi~bb, the /i pair being 
generated by the Z decay, has a particularly simple structure. Background events of this type 
are generated by double vector-boson production e~^e^ Z*Z*, Z*^* and 7*7* with the virtual 
Z*, 7* decaying to ^~ and bb\ Z final states generate by far the dominant contribution. Since 
these processes are suppressed by one and two additional powers of the electroweak coupling 
compared with the signal [except for itih ~ mz] , the background can be controlled fairly easily 
up to the kinematical limit of the Higgs signal. This is demonstrated in Tables |^/|^ and Fig. ^ 
where signal and background cross sections for the process e"'"e^ fi^fi~bb are compared for 
three Higgs masses at y/s = 192 GeV. The invariant mass is restricted to mz ± 25 GeV 

and the invariant bb mass is cut at m{bb) > 50 GeV. The following conclusions can be drawn 
from the tables and the figure: (i) The signal-to-background ratio decreases steadily with rising 
Higgs mass from a value of about three near mn = 65 GeV; (ii) The initial state QED radiative 
corrections are large, varying between 10 and 20%; (iii) The cross sections are lowered by taking 
non-zero b quark masses into account, but only marginally at a level of less than 1%. Since 
massless fermions are coupled to spin-vectors in Z* decays but to spin-scalars in Higgs decays, 
signal and background amplitudes do not interfere as long as b quark masses are neglected. 
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Figure 4: The cross section for Higgs-strahlung as a function of the Higgs mass for three repre- 
sentative energy values [QED and electroweak radiative corrections included]. 
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Figure 5: Higgs-strahlung (dashed) and WW fusion (long-dashed) processes for Higgs production 
in the cross-over region [without radiative corrections]. The solid line shows the total cross 
section for both processes including the ( dotted line ) interference term. 
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Table 1: The process e~^e fi^fi bb at ^/s = 192 GeV. No initial state radiation is included. 
The cross sections are given in ft. 
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10.7022(11) 


10.6401(11) 


HIGGSPV 


37.393(27) 


24.490(21) 


10.694(16) 


10.65(05) 


HZHA/PYTHIA 


36.79(13) 


23.53(13) 


10.28(13) 


10.22(13) 


WPHACT4.7 








10.5243±0.24E-02 


WPHAGTo 


37.39896±0.64E-02 


24.47269±0.40E-02 


10.70272±0.24E-02 


10.64070±0.24E-02 


WTO 


37.40994±0.32E-02 


24.47653±0.42E-02 


10.70360±0.21E-02 


10.64157±0.21E-02 



Table 2: The process e^e —>■ fi^fi bb at = 192 GeV. Initial state radiation included, cross 
sections in fb. 



ruH [GeV] 


65 


90 


115 


00 


EXCALIBUR 
FERMISV 
GENTLEo 
HIGGSPV 
HZHA/PYTHIA 
WPHACT 
WTO 


33.7575(34) 
33.759(12) 
33.48(11) 
33.75217±0.16E-01 
33.77741±0.10E-01 


19.4717(19) 
19.480(09) 
18.91(11) 
19.46923±0.91E-02 
19.48562±0.83E-02 


8.47729(85) 
8.483(05) 
8.31(11) 
8.47665±0.57E-02 
8.48511±0.78E-02 


8.4306(29) 

7.90(27) 
8.43290(84) 
8.44(05) 
8.27(11) 
8.43236±0.57E-02 
8.44090±0.78E-02 



The angular distribution of the Z/H bosons in the Higgs-strahlung process is sensitive to 
the spin-parity quantum numbers = O'^ of the Higgs particle. At high energies the Z boson 
is produced in a state of longitudinal polarization according to the equivalence theorem so that 
the angular distribution approaches asymptotically the sin^ 9 law, where 9 is the polar angle 
between the Z/H flight direction and the e~^e~ beam axis. At non-asymptotic energies the 
distribution is shoaled []47[| , 

A sin^^ + 8m|/s (8) 



dcos9 

becoming independent of 9 at the threshold. Were a pseudoscalar particle produced in associ- 
ation with the Z, the angular distribution would be given by ~ (1 + cos^^), independent of 
the energy; the Z polarization would be transverse in this case. Thus, the angular distribu- 
tion is sensitive to the assignment of spin-parity quantum numbers to the Higgs particle. The 
coefficients of the sin^ 9 term and the constant term are independent and could be modified 
separately by additional effective ZZH, jZH couplings or eeZH contact terms induced by 
interactions outside the Standard Model ^ . 
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Figure 6: Comparison of the Higgs signal with 
the background in the fi'^fi^bb final state for zero 
and non-zero quark mass. 
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2.2.2 The WW Fusion Process 



The final state in which the Higgs particle is produced in association with neutrinos 



(9) 



is built up by two different mechanisms, Higgs-strahlung with Z decays to the three types of 
neutrinos and WW fusion 



10, 11, 49, 50 



For z/gZ/e final states the two amplitudes interfere. 
At e'^e~ energies above the HZ threshold for on-shell Z, Higgs-strahlung is by far the dominant 
process, while below the HZ threshold the fusion process becomes dominant. Correspondingly, 
the interference term is most important near the threshold where the cross-over between the 
two mechanisms occurs. The cross section for Higgs-strahlung above the HZ threshold is of 
order while below the threshold it is suppressed by the additional electroweak vertex as well 
as by the off-shell Z propagator. The fusion cross-section is of order g^r and therefore small 
at LEP energies where no logs/m|^ enhancement factors are effective.[] The cross section for 
WW fusion can be expressed in a compact form p9| : 



cr e e 



Gp-m 



4 

w 



dx 



XH 



dyF{x,y) 



F{x,y) 



2x 

y3 



l + 3x ^2 + x ^ 



l + z 



[1 + - 
- log(l + z) 



x)/xwf 

X z^il — y) 
y^ l + z 



+ 



(10) 



with xh = m^/s, xw = ^w/s and z = y{x — xh) / {xxw)- The more involved analytic form of 



the interference term between fusion and Higgs-strahlung [O] is given in the Appendix [STl 



^The cross-section for ZZ fusion is reduced by another order of magnitude since the leptonic NC couphngs 
are considerably smaller than the CC couplings. 
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The size of the various contributions to the cross section for the final state e"'"e^ 
H + neutrinos is shown in Fig.^ at y/s = 192 GeV. The Higgs-strahlung includes all three 
neutrinos in the final state. The nominal threshold value of the Higgs mass for on-shell Z 
production in Higgs-strahlung is mn = 101 GeV at y/s = 192 GeV. A few GeV above this mass 
value the fusion mechanism becomes dominant while the Higgs-strahlung becomes rapidly more 
important for smaller Higgs masses. In the cross-over range, the cross-sections for fusion, Higgs- 
strahlung and the interference term are of the same size. With a cross section of the order of 
0.01 pb only a few events can be generated in the cross-over region for the integrated lumi- 
nosity at LEP. Dedicated efforts are therefore needed to explore this domain experimentally 
and to extract the signal from the event sample e~^e~ ^ bb + neutrinos, which includes several 
background channels. Nevertheless, WW fusion can extend the Higgs mass range that can be 
explored at LEP2 by a few (perhaps very valuable) GeV. 



2.2.3 Higgs Decays 



The Higgs decay width is predicted in the Standard Model to be very narrow, being less than 
3 MeV for tuh less than 100 GeV. The width of the particle can therefore not be resolved 
experimentally. The main decay modes (Fig.^, relevant in the LEP2 Higgs mass range, are in 
the following channels |0, M: 



quark decays 
lepton decay 
gluon decay 
W boson decay 



H 
H 
H 
H 



bb and cc 
99 

WW* 



(12) 



The bb decays are by far the leading decay mode, followed by r, charm, and gluon decays at a 
level of less than 10%. Only at the upper end of the mass range do decays of the Higgs particle 
to W pairs start playing an increasingly important role. 



b, c, r 






b, c,T+ 9 W 

Figure 7: The main decay modes of Higgs particles in the LEP2 mass range. 



The theoretical analysis of the Higgs decay branching ratios is not only important for the 
prediction of signatures to define the experimental search techniques. In addition, once the 
Higgs boson is discovered, the measurement of the branching ratios will be necessary to de- 
termine its couplings to other particles. This will allow us to explore the physical nature of 
the Higgs particle and to encircle the Higgs mechanism as the mechanism for generating the 
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masses of the fundamental particles. In fact, the strength of the Yukawa coupling of the Higgs 
boson to fermions, gfjn = [V^Gpl^^'^mf, and the couplings to the electroweak V = W, Z gauge 



bosons, gvvH = 2 [^/2Gi 



11/2 



m 



Vi 



both grow with the masses of the particles. While the latter 



can be measured through the production of Higgs particles in the Higgs-strahlung and WW 
fusion processes, fermionic couplings can be measured at LEP only through decay branching 
ratios. 



Higgs decay to fermions. The partial width of the Higgs decay to r+r pairs is given by |]51 



T T 



4^2: 



-niH 



For the decay into bb and cc quark pairs, QCD radiative corrections 
are known up to order [in the (5{ term up to order af]. 



(13) 



must be included which 



TiH ^ qq) 



3G 



F 2/ \ 



TC 



1 + 5.67 (^^) + (35.94 - IMNp + St + S'^) (^^J 



(14) 



St accounts for the top-quark triangle coupled to the qq final state in second order by 2-gluon 
s-channel exchange [Q, St = 1.57— | log{m'jj/M^) + ^ log^(m^(m//)/m|^), while S'^ accounts for 
Higgs decays to two gluons with one gluon split into a qq pair |T^, discussed in detail below. 
The strong coupling is to be evaluated at the scale ttih, and Np = 5 is the number of active 
flavors [all quantities defined in the MS scheme]. The bulk of the QCD corrections can be 
absorbed into the running quark masses evaluated at the scale rriH, 



mq{mH) = mg{Mg 



as{Mg) 



1 +ci[as{mH)/TT] + C2[as{mH)/7if 
1 + ci [a,(M,)/7r] + C2[«.(M,)/7r]2 



(15) 



In the case of bottom (charm) quarks, the coefficients Ci and C2 are 1.17 (1.01) and 1.50 (1.39), 
respectively. Since the relation between the pole mass Mc of the charm quark and the MS mass 
rric (Mc) evaluated at the pole mass is badly convergent, the running quark masses mq{Mq) lend 
themselves as the basic mass parameters in practice. They have been extracted directly from 
QCD sum rules evaluated in a consistent 0{as) expansion [Q. Typical values of the running 
6, c masses at the scale /z = 100 GeV, which is of the order of the Higgs mass, are displayed 
in Table ^ The evolution has been performed for the QCD coupling as{mz) = 0.118 ± 0.006. 
The large uncertainty in the running charm mass is a consequence of the small scale at which 
the evolution starts and where the errors of the QCD coupling are very large. In any case the 
value of the c mass, relevant for the prediction of the c branching ratio of the Higgs particle, is 
reduced to about 600 MeV. 



An additional mechanism for b, c quark decays of the Higgs particle []12| is provided by the 
gluon decay mechanism where virtual gluons split into bb, cc pairs, H —>■ gg* gbb, gcc. 
These contributions add to the QCD corrected partial widths (0) in which the b, c quarks 
are coupled to the Higgs boson directly. As long as quark masses are neglected in the final 
states, the two amplitudes do not interfere. In this approximation, the contributions of the 
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Table 3: The running 6, c quark masses in the MS scheme at the scale n = 100 GeV. The initial 
values mq^Mo) of the evolution are extracted from QCD sum rules; the pole masses Mq"^ are 
defined by the 0{as) relation with the running masses mQ{MQ'^) = Mq^/[1 + Aas/Sn]. 





as{mz) 


mqiMQ) Mq = Mg" 


TOQ in = 100 GeV) 


b 


0.112 
0.118 
0.124 


(4.26 ± 0.02) GeV (4.62 ± 0.02) GeV 
(4.23 ± 0.02) GeV (4.62 ± 0.02) GeV 
(4.19 ± 0.02) GeV (4.62 ± 0.02) GeV 


(3.04 ±0.02) GeV 
(2.92 ±0.02) GeV 
(2.80 ±0.02) GeV 


c 


0.112 
0.118 
0.124 


(1.25 ± 0.03) GeV (1.42 ± 0.03) GeV 
(1.23 ± 0.03) GeV (1.42 ± 0.03) GeV 
(1.19 ± 0.03) GeV (1.42 ± 0.03) GeV 


(0.69 ±0.02) GeV 
(0.62 ±0.02) GeV 
(0.53 ±0.02) GeV 



splitting channels are obtained by taking the differences of the widths H — > gg{g), qqg between 
Np = 5 and 4 for b, and Np = 4 and 3 for c final states, given below in eg . (|l6|) . The b/b and 
the c/c quarks are in general emitted into two different parts of the phase space for the two 
mechanisms; for the direct process the flight directions tend to be opposite, while by contrast 
for gluon splitting they are parallel. 



The electroweak radiative corrections to fermionic Higgs decays are well under control [55 



4J]. If the Born formulae are parametrized in terms of the Fermi coupling Gp, the corrections 
are free of large logarithms associated with light fermion loops. For b, c, r decays the electroweak 
corrections are of the order of one percent. 

Higgs decays to gluons and light quarks. In the Standard Model, gluonic Higgs decays H ^ gg 



are primarily mediated by top-quark loops Since in the LEP2 range Higgs masses are 

much below the top threshold, the gluonic width can be cast into the approximate form |p7 



T{H ^ gg{g), 



^ 

36^2 7r3 



H 



1 + 



95 _ 7^ \ asimu) 

4 6 ^/ TT 



(16) 



The QCD corrections, which include the splitting of virtual gluons into gg and qq final states, 
are very important; they nearly double the partial width. 

It is physically meaningful to separate the gluon and light-quark decays of the Higgs boson 



12 



from the 6, c decays which add to the 6, c decays through direct coupling to the Higgs 
boson. In this case, the partial width V{H ^ gluons + light quarks) is obtained from (|1^) by 
choosing Np = 3 for the light u, d, s quarks and by evaluating the running QCD coupling at 
niH for three flavors only [corresponding to = 378^9°^ MeV for af\mz) = 0.118 ± 0.006]. 



Higgs decay to virtual W bosons. The channel H WW* 4 fermions becomes relevant for 
Higgs masses ttlh > Tny/ when one of the W bosons can be produced on-shell. The partial 
width for this final state is given by 



WW' 



3Gl 



m 



w 



16 7r3 



ran R{x) 



(17) 
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Figure 8: Branching ratios for the Higgs de- 
cays in the Standard Model. The bands in- 
clude the uncertainties due to the errors in 
the quark masses and the QCD coupling. 



^(^) = (4^ _ 1)1/2 ^ ^^^Q^ (^^^j - - 13a: + Alx') - -(1 - 6a: + Ax') log a: 

with X = ni^/ni^j. Due to the larger Z mass and the reduced NC couplings compared with 
W mass and the CC couplings, respectively, decays to ZZ* final states are suppressed by one 
order of magnitude. 

Summary of the branching ratios. The numerical results for the branching ratios are displayed 
in Fig.p, taking into account all QCD and electroweak corrections available so far. Sepa- 
rately shown are the branching ratios for r's, c, h quarks, gluons plus light quarks, and elec- 
troweak gauge bosons. The analyses have been performed for the following set of parameters: 
af\mz) = 0.118 ± 0.006, t pole mass Mt = 176 ± 11 GeV, and the MS masses mb{Mh) and 
mc{Mc) as listed in Table |^. The dominant error in the predictions is due to the uncertainty 
in Os which migrates to the running quark masses at the high energy scales. 

Despite the uncertainties, the hierarchy of the Higgs decay modes is clearly preserved. The 
r+r^ branching ratio is more than an order of magnitude smaller than the bb branching ratio, 
following from the ratio of the two masses squared and the color factor. Since the charm quark 
mass is small at the scale of the Higgs mass, the ratio of BRc to BRf, is reduced to about 0.04, 
i.e. more than would have been expected naively. 

Thus, the measurements of the production cross sections and of the decay branching ratios 
enable us to explore experimentally the physical nature of the Higgs boson and the origin of 
mass through the Higgs mechanism. 
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2.3 The Experimental Search for the SM Higgs Particle 



Selection algorithms were developed by the four LEP experiments towards the Higgs pro- 
duction via the Higgs-strahlung process, for the following event topologies: 



(i) the four-jet channel, (Z qq) (Hsm bb); 
(ii) the missing energy channel, (Z —>■ vv) (Hsm bb); 
(in) the leptonic channel, (Z — > e"*"e~, yU+/i^) (Hsm anything); 
(iv) the r+r^qq channel, (Z t^t^) (Hsm hadrons) and vice-versa; 



altogether amounting to more than 90% of the possible final states in the LEP2 mass range. 



All important background processes were included in the simulations. Whenever possible, 
the corresponding cross-sections were computed and events were generated using PYTHIA 
5.7 The Zuu process being not simulated in PYTHIA, the corresponding results were 

derived from a Monte Carlo generator based on Ref.pOi. The most relevant cross-sections are 



indicated in Table ^ for the three different center-of-mass energies at which the studies were 
carried out. Events from the Higgs-strahlung process were generated using either PYTHIA 
(DELPHI, L3, OPAL), the HZGEN generator 111 (DELPHI, for the HZ ^ bbz/gZ^e final 
state) or the HZHA generator l63| (ALEPH, for all signal final states), and the signal cross- 



section and Higgs boson decay branching ratios were determined from Ref . , or directly from 
the HZHA program in the case of ALEPH. 



Table 4: The cross-sections for the most relevant background processes, in ph. Whenever a Z 
is indicated, the cross-section also includes the 7* contribution. The 77 if cross-section is 
given for a fermion pair mass in excess of 30 GeV/c^ . 





175 GeV 


192 GeV 


205 GeV 


e"'"e~ 


^ ff 


173.4 


135.5 


116.5 


e"'"e~ 


^ WW 


14.63 


17.74 


18.07 


e"'"e~ 


^ zz 


0.45 


1.20 


1.43 


e"'"e~ 


^ Ze+e- 


2.75 


2.93 


3.05 


e"'"e~ 


^ Wei/ 


0.68 


0.90 


1.10 


e"'"e~ 


— > Zz/z/ 


0.011 


0.015 


0.020 


77 - 


ff 


22.3 


24.9 


26.3 



The selection efficiencies and the background rejection capabilities were evaluated after a 
simulation of each of the four LEP detectors. Fully simulated events were produced by DELPHI 
53| , 0, L3 |6^ and OPAL for all the background processes and for the signal at several 
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Higgs boson masses, including all the detector upgrades foreseen for the LEP2 running. A 



fast, but reasonably detailed simulation was used in ALEPH [^] instead, with the current 



detector design (in particular, the gain expected from the installation of a new vertex detector 
was conservatively ignored), but it was checked in the four-jet topology and in the missing 
energy channel, at y/s = 175 GeV and with mn = 70 GeV, that this fast simulation faithfully 
reproduces the predictions of the full simulation chain both for the background rejection and 
for the signal selection, up to an accuracy at the percent level. 



a) Search in the Four-jet Topology 

The four-jet topology arises when the Z decays into a pair 
of quarks, in 70% of the cases, and the Higgs boson de- 
cays into hadrons, in more than 90% of the cases. This 
topology represents therefore by far the most abundant fi- 
nal state (occurring in ~ 65% of the cases) produced by 
the Higgs-strahlung process. However, the search in this 
channel is affected by a large background consisting of mul- 
tijet events from e+e~ — > qq, WW and ZZ production. For 
instance, at ^/s = 192 GeV, and for an integrated lumi- 
nosity of 150 pb~^, approximately 1500 qq, 1000 WW and 
80 ZZ events have at least four jets with all jet-jet invariant 
masses in excess of 10 GeV/c^, while only 40 HsmZ events 
are expected if mn = 90 GeV/c^. 

The selection procedures developed by the four collaborations to improve the signal-to-noise 
ratio are very close to each other. After a preselection aimed at selecting four-jets events, either 
from global events properties or directly from a jet algorithm such as the DURHAM or JADE 
algorithms, the four-jet energies and momenta are subjected to a kinematical fit with the four 
constraints resulting from the energy-momentum conservation, in order to improve the Higgs 
boson mass resolution beyond the detector resolution. Events consistent with the e"'"e~ WW 
hypothesis, i.e. events in which two pairs of jets have an invariant mass close to mw, are 
rejected. Only events in which the mass of one pair of jets is consistent with mz are kept, and 
they are fitted again with the Z mass constraint in addition. This last step improves again the 
Higgs boson mass resolution, which is found to be between 2.5 and 3.5 GeV/c^ by the four LEP 
experiments. 

However, these requirements do not suffice to reduce the background contamination to an 
adequate level. This is illustrated in Fig.|^ where the distribution of the fitted Higgs boson 
mass [i.e. the mass of the pair of jets recoiling against the pair consistent with a Z) is shown, for 
the signal (mn = 90 GeV/c^) and for the backgrounds, at a/s = 192 GeV and for a luminosity 
of 500 pb~^ as obtained from the ALEPH simulation at this level of the analysis. 
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The high branching of the Higgs boson into bb must then be taken advantage of to further 
reduce the background, by requiring that the jets associated to the Higgs boson be identified 
as b-jets. This is done by means of a microvertex detector, either by counting the charged 
particle tracks with large impact parameters, or by evaluating the probability V that these 



tracks come from the main interaction point , or by directly reconstructing secondary decay 



vertices 



Shown in Fig.pD is the resulting Higgs boson mass distribution after such a b- 
tagging requirement is applied. The same distribution as seen by DELPHI is shown in Fig.p!0|, 
together with the efficiency of the DELPHI lifetime b-tagging requirement applied to four-jet 
events, in which four b-jets, two b-jets or no b-jets are present, as a function of the logarithm 
of the probability V. The OPAL result in this topology is shown in Fig.|n|a. Due to the 
recent vertex detector installation, the L3 b-tagging algorithm is not yet fully optimized and 
its performance is thus expected to improve in the future. 
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Figure 9: Distribution of the fitted Higgs boson mass as obtained from the ALEPH simulation, 
in the four-jet topology before (a) and after (b) a b-tagging requirement is applied, at 192 GeV, 
with 500 pb^^ and for mn = 90 GeV/c^. 

Table 5: Accepted cross-sections (in fb) for the signal and the backgrounds, as expected by 
ALEPH, DELPHI, L3, OPAL, for = 90 GeV/c'^ at 192 GeV, m the four-jet topology. 



Experiment 


ALEPH 


DELPHI 


L3 


OPAL 


Signal 


58 


43 


43 


46 


Background 


33 


33 


47 


26 



The numbers of background and signal events expected to be selected by ALEPH, DELPHI, 
L3, and OPAL in a window of ±2cr around the reconstructed Higgs boson mass are shown in 
Table ^ for a Higgs boson mass of 90 GeV/c^ and at a center-of mass energy of 192 GeV. 
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Figure 10: (^a^) Distribution of the fitted Higgs boson mass as obtained from the DELPHI 
experiment, after a b-tagging requirement is applied, at 192 GeV, with 300 pb~^ and for 
rriH = 90 GeV/c^, and (b) Evolution of the b-tagging efficiency as a function of the cut on 
V when applied to four jet events, with four, two or zero b-jets. 

b) Search in the Missing Energy Channel 

The topology of interest here, arising in 18% of the cases, is 
an acoplanar pair of b-quark jets with mass mn, accompanied 
by large missing energy and large missing mass, close to the Z 
mass. The background, with the exception of the ZZ hhuu 
or the Zuu with Z — > bb processes, either has no missing energy 
(e"'"e~ — i> qq with no initial state radiation, WW, ZZ — four- 
jets), or no missing mass and isolated particles (e"'"e~ — >• qq(7), 
WW — >■ £u-\- two jets, Ze"'"e~), or no missing transverse momen- 
tum and small acoplanarity angle (e"'"e~ — >• qq(77), 77 — > qq), 
or light quark jets (e"'"e~ {e)h'W, WW tu+ two jets, 
ZZ — > qqz/z/). 




The four collaborations developed a selection procedure with a sequence of criteria, based 
on these differences between signal and background, including a b-tagging requirement. The 
mass of the Higgs boson can be either rescaled or fitted by constraining the missing mass to 
equal the Z mass, allowing mass resolutions from 3.5 to 5 GeV/c^ to be achieved. The mass 
distribution obtained by OPAL in this channel, for a Higgs boson mass of 90 GeV/c^ and at a 
center-of mass energy of 192 GeV, is shown in Fig.llTlb. 
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Figure 11: Distribution of the fitted Higgs boson mass as obtained from the OPAL experiment, 
in the four- jet channel (a) and in the missing energy channel (b), at a centre- of mass energy of 
192 GeV, normalized to a luminosity of 1000 pb~^ and for rrin = 80 and 90 GeV/c^ , respectively. 
The signal (in white) is shown on top of the background (shaded histogram). 

This selection procedure was supplemented in DELPHI by an alternative multi-variate prob- 
abilistic method, confirming (or slightly improving) the first analysis results. The contribution 
of the t-channel WW fusion to the Hi^z/ final topology was also estimated by DELPHI with 
the recently released HZGEN event generator which includes both the Higgs-strahlung and the 
WW fusion diagrams together with their interference. As can be naively expected, the relative 
gain is only sizeable above the HZ kinematical threshold, and amounts to 28% for a 100 GeV/c^ 
Higgs boson at 192 GeV, corresponding to 0.25 additional events expected for an integrated 
luminosity of 300 pb^^. 

Table 6: Accepted cross-sections (in fb) for the signal and the backgrounds, as expected by 
ALEPH, DELPHI, L3, OPAL, forrrin = 90 GeV/c^ at 192 GeV, in the missing energy channel. 



Experiment 


ALEPH 


DELPHI 


L3 


OPAL 


Signal 


24 


24 


9 


25 


Background 


13 


17 


11 


20 



The numbers of background and signal events expected to be selected by ALEPH, DELPHI, 
L3, and OPAL in a window of ±2cr around the reconstructed Higgs boson mass are shown in 
Table ^ for a Higgs boson mass of 90 GeV/c^ and at a center-of mass energy of 192 GeV. 
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c) Search in the Leptonic Channel 



Although occurring in only 6.7% of the cases, this topology ' |+ 

can be selected in a simple way by requiring the presence of \ / 

a high mass pair of energetic, isolated, and thus well identi- \ / 

fiable leptons (e or fx) in association with a high multiplicity \ / 

hadronic system. The process e"'"e~ — >■ ZZ where one of the \ / 

Z bosons decays into a lepton pair and the other into qq )C 
and, to a much lesser extent, the e"'"e~ — *• Ze"'"e~ process, ^^^X 
constitute the only irreducible background sources. A mild // / / \y\ 

b-tagging requirement can also be applied, especially when // / \ \\ 

rriH ~ mz, to improve the signal-to- noise ratio. Selection / / _ \ \ 

efficiencies varying from 50 to 80% were achieved by the H — ^ b b 

four LEP experiments. 



In addition to these high efficiencies, the mass of the Higgs boson can be determined with 
a very good resolution (typically better than 2 GeV/c^) either as the mass recoiling to the 
lepton pair with the mass of the pair constrained to the Z mass, or with a full fitting procedure 
using the energies and the directions of the leptons and of the Higgs decay products, the 
energy-momentum conservation and the Z mass constraint. As shown in Fig.|T2| from L3, this 
drastically reduces the ZZ background contamination, except if mn ~ mz when the two mass 
peaks merge together. 

The numbers of background and signal events expected to be selected by ALEPH, DELPHI, 
L3, and OPAL in a window of ±2a around the reconstructed Higgs boson mass are shown in 
Table |^ for a Higgs boson mass of 90 GeV/c^ and at a centre-of mass energy of 192 GeV. 



d) Search in the t^t qq Channel 



Hadrons 




At present, only ALEPH §^ and DELPHI ^ have investi- 
gated this topology, occurring in 9% of the cases when (Z — >■ 
r+r") (HsM hadrons) (3%) or when (Hsm — > r+r") (Z 
hadrons) (6%). It is characterized by two energetic, isolated 
taus, defined as 1- or 3-prong slim jets, with masses compatible 
with m^, not identified as an electron or a muon pair, and asso- 
ciated to a high multiplicity hadronic system. After a selection 
of this topology either by successive topological cuts (ALEPH) 
or by a single multi- dimensional cut (DELPHI), a fit to the four- 
body final state hypothesis with the energy-momentum conser- 
vation constraint is performed to reject most of the backgrounds. 
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Figure 12: Distribution of mass recoiling to the lepton pair as obtained from the L3 experiment, 

in the He'^e~ channel, at a center-of mass energy of 192 GeV, normalized to a luminosity of 
1000 pb^^ and for mn — 60, 70, 80, 90 GeV/c^. The signal (in white) is shown on top of the ZZ 
background (in black). 



Table 7: Accepted cross-sections (in ft) for the signal and the backgrounds, as expected by 
ALEPH, DELPHI, L3 and OPAL, for mu = 90 GeV/c^ at 192 GeV, in the leptonic channel. 



Experiment 


ALEPH 


DELPHI 


L3 


OPAL 


Signal 


12 


11 


7 


6.5 


Background 


12 


24 


10 


9.4 
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The typical efficiency for such an analysis is 20 to 30%, corresponding to 6 to 8 signal events 
expected for a 90 GeV/c^ Higgs boson with 1 fb^^ at 192 GeV, and the r+r^ and the hadronic 
mass resolutions amount to approximately 3 GeV/c^. These resolutions can be further improved 
by fitting the final state to the HZ hypothesis, with mn free and mz constrained. As in the 
leptonic channel, the only really irreducible background source is the process e"'"e~ — > ZZ when 
one of the Zs decays into a r pair and the other hadronically. The existence of the Higgs boson 
would then be observed as an accumulation around (mn, mz) in the folded two-dimensional 
distribution of these masses. A signal-to-noise ratio between 1 and 2 can be achieved when 
mH ~ mz- It could be further improved by a factor of two with a b-tagging requirement, at 
the expense of a drastic efficiency loss, since two thirds of these events (when H r+r") do 
not contain b- quarks. 



Summary: Numbers of Events Expected 

Tables |], ^ and |10| summarize the results of the standard model Higgs boson search, with the 
total numbers of signal and background events expected by each experiment given for several 
Higgs boson masses, at y/s = 175, 192 and 205 GeV, respectively. The uncertainties are due 
to the limited Monte Carlo statistics. No systematic uncertainties (due for instance to the 
simulation of the b-tagging efficiency) are included. 



Table 8: Accepted cross-sections (in fb) expected for the signal and the background, for various 
Higgs boson masses, at a center- of-mass energy of 175 GeV. 



nin (GeV/c2) 


60 


65 


70 


75 


80 


85 


ALEPH 














Signal 


275 ±5 


234 ±4 


168 ±4 


115 ±3 


61 ±2 


7± 1 


Background 


51 ±7 


45 ±7 


38 ±6 


31 ±6 


24 ±5 


24 ±5 


DELPHI 














Signal 


210 ± 13 


180 ± 11 


147 ±9 


109 ±7 


64 ±4 


7± 1 


Background 


25 ±4 


25 ±4 


28 ±5 


28 ±5 


28 ±5 


15 ±3 


L3 














Signal 


167 ± 10 


142 ±9 


119 ±7 


88 ±5 


49 ±3 


7±3 


Background 


79± 11 


83 ±10 


87 ±9 


65 ±7 


44 ±5 


44 ±5 


OPAL 














Signal 


188 ±9 


160 ±8 


128 ±6 


98 ±7 


56 ±4 


6 ± 1 


Background 


27 ±5 


27 ±5 


26 ±4 


27 ±5 


17 ±4 


7±3 


ALL 














Signal 


840 ± 20 


715 ±17 


561 ± 13 


410 ± 12 


229 ±6 


27 ±3 


Background 


182 ± 14 


180 ± 13 


179 ± 13 


151 ± 11 


112 ±9 


89 ±8 
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Table 9: Accepted cross-sections (in fb) expected for the signal and the background, for various 
Higgs boson masses, at a center- of-mass energy of 192 GeV. 





mn (GeV/c^) 


80 


85 


90 


95 


100 


ALEPH 


Signal 


125 ±3 


115 ±3 


103 ±3 


64 ±2 


13 ±2 




Background 


33 ±6 


48 ±7 


63 ±8 


57 ±7 


51 ±7 


DELPHI 


Signal 


99 ±4 


108 ±5 


85 ±4 


60 ±4 


13 ±2 




Background 


42 ±5 


68 ±5 


79 ±5 


50 ±3 


25 ±2 


L3 


Signal 


93 ±5 


77 ±4 


64 ±3 


45 ±3 


9± 1 




Background 


66 ±6 


67 ±5 


68 ±5 


44 ±5 


19 ±3 


OPAL 


Signal 


98d=4 


81 ±3 


72 ±3 


40 ±2 


13 ±2 




Background 


28 ±4 


37 ±4 


46 ±5 


36 ±5 


26 ±5 


ALL 


Signal 


414 ±8 


381 ±8 


323 ±6 


209 ±6 


47 ±4 




Background 


169 ± 10 


220 ± 1 


255 ± 12 


187 ± 11 


121 ±9 



Table 10: Accepted cross-sections (in fb) expected for the signal and the background, for various 
Higgs boson masses, at a center-of-mass energy of 205 Ge V. 



mu (GeV/c2) 


80 


90 


100 


105 




110 


115 


ALEPH 
















Signal 


118 ±3 


90 ±3 


63 ±2 


46 ±2 


32 


±3 


5± 1 


Background 


48 ±7 


82 ±9 


28 ±5 


24 ±5 


20 


±5 


20 ±5 


DELPHI 
















Signal 


78 ±4 


84 ±4 


66 ±4 


48 ±3 


23 


±2 


3± 1 


Background 


56 ±6 


66 ±6 


52 ±6 


26 ±4 


13 


±3 


8±2 


L3 
















Signal 


88 ±6 


68 ±4 


51 ±3 


38 ±3 


22 


±3 


4± 1 


Background 


70 ±6 


94 ±7 


59 ±6 


30 ±6 


20 


±6 


20 ±6 


OPAL 
















Signal 


55 ±2 


48 ±2 


39 ±2 


26 ±2 


13 


± 1 


4 ±0.3 


Background 


25 ±4 


45 ±4 


26 ±4 


20 ±4 


15 


±4 


15 ±4 


ALL 
















Signal 


339 ±8 


287 ±7 


220 ±6 


158 ±5 


89 


±4 


16 ± 1 


Background 


198 ± 12 


288 ± 13 


166 ± 11 


101 ± 10 


68 


±9 


62 ±9 
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2.4 Discovery and Exclusion Limits 



Based on the simulations described in Section |2.3| , it is possible to derive the exclusion and 



discovery limits of the standard model Higgs boson as a function of the luminosity for the three 
center-of-mass energies specified earlier. The contours are defined at 5a for the discovery in the 
case of the existence of the Higgs boson and at 95% C.L. for the exclusion limits in the case of 



negative searches, with the specifications described in Appendix 5.3 



In Table [Il|, the minimum integrated luminosities needed to exclude or discover a given 
Higgs boson mass at the center-of-mass energies ^/s = 175, 192 and 205 GeV are given for the 
combination of all channels for each of the four experiments separately, as well as for the com- 
bination of all channels for the four LEP experiments together. The results of the combination 



of the four experiments are graphically shown in Fig. 13, and summarized in Table ^ 



Combining the four LEP experiments, the required minimal integrated luminosity per ex- 
periment to discover or exclude a certain Higgs boson mass at a given center-of-mass energy is 
reduced to approximately a fourth of the average minimal integrated luminosity of each individ- 
ual experiment. This implies that the maximal value of the Higgs boson mass will be reached 
at a given energy for luminosities which can be naturally expected at LEP2. The following 
conclusions can be drawn from detailed analyses of the figures and tables. 



(i) At a center-of-mass energy of 175 GeV, the maximum integrated luminosity needed is of 
the order of 150 pb~^ and this allows the discovery of a Higgs boson with a maximum 
mass of about 82 GeV/c^. Indeed, combining the four experiments it follows that raising 
the luminosity leads only to a marginal increase of the exclusion and discovery limits, 
which are very close to each other. 

(ii) At 192 GeV it is again sufficient to have an integrated luminosity of about 150 pb^^, in 
this case to discover a Higgs boson with mass up to 95 GeV/c^. Increasing the center- 
of-mass energy from 175 to 192 GeV leads to a significant extension in the discovery 
range of the Higgs boson mass. It is of great interest to observe that at ^/s = 192 GeV 
a 95 GeV/c^ Higgs boson mass can be excluded at the 95% confidence level with an 
integrated luminosity as low as 33 pb~^ while with 150 pb~^ a Higgs boson mass close to 
100 GeV/c^ can be excluded. 

(in) This development continues up to 205 GeV, where a luminosity as low as 70 pb^^ is 
sufficient to exclude Higgs boson masses up to about 110 GeV/c^, and a 5a discovery 
of a Higgs boson with a mass of order 105 GeV/c^ requires an integrated luminosity 
of ~ 160 pb~^. More luminosity is needed in this case, since the cross section of the 
irreducible ZZ background increases. With an integrated luminosity of ~ 300 pb~^ a 
Higgs boson mass close to 110 GeV can be discovered. 



If each experiment is considered separately, the 5a discovery limit for an integrated lumi- 
nosity of 500 pb~^ is, on average, approximately given by rriu = 82 (95) (103) GeV/c^ for y/s= 
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Table 11: Minimum luminosity needed, in pb^^ , by ALEPH, DELPHI, L3, OPAL, and for a 
simple combination of the four experiments, at the three center- of-mass energies and for various 
Higgs boson masses. The first number holds for the 95% C.L. exclusion, the second one for the 
5(7 discovery. 



y/j = 175 GeV 



Experiment 


mn = 60 


65 


70 


75 


80 


ALEPH 


12:34 


18:49 


25:76 


36:126 


80:316 


DELPHI 


16:48 


18:51 


31:87 


40:140 


78:335 


L3 


29:127 


39:180 


56:244 


75:334 


152:727 


OPAL 


17:56 


20:75 


34:96 


44:161 


74:294 


All 


6:15 


6:19 


8:28 


10:41 


21:90 







= 192 GeV 








Experiment 


mH= 80 


85 


90 




95 


ALEPH 


33:117 


42:166 


59:238 


103: 


510 


DELPHI 


50:195 


50:231 


80:388 


118: 


529 


L3 


64:306 


90:426 


118:596 


172: 


832 


OPAL 


43:157 


60:251 


85:360 


182: 


825 


All 


12:44 


15:60 


20:87 


33:149 



■s/s ^ 205 GeV 



Exi)erinient 


"'11= 80 


90 


100 


105 


110 


ALEPH 


41:157 


80:369 


76:327 


119: 504 


186: 870 


DELPHI 


75:356 


78:372 


97:462 


114: 507 


283:1296 


L3 


74:342 


142:704 


162:817 


164: 897 


409:2103 


OPAL 


87:372 


149:735 


151:719 


267:1284 


680:3500 


All 


16:66 


25:119 


30:125 


38:158 


72:339 
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Figure 13: Minimum luminosity needed per experiment, in pb~^ , for a combined 5a discovery 
(full line) or a 95% C.L. exclusion (dashed line) as a function of the Higgs boson mass, at the 
three center- of-mass energies. 
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Table 12: Maximal Higgs boson masses that can be excluded or discovered with a given inte- 
grated luminosity L^m J'er experiment at the three representative energy values of 175, 192 and 
205 Ge V, when the four LEP experiments are combined. 





Exclusion: 




Discovery: 




(GeV) 


mn (GeV/c^) 


Lmin (pb ) 


mn (GeV/c2) 


L'tnin (pb ) 


175 


83 


75 


82 


150 


192 


98 


150 


95 


150 


205 


112 


200 


108 


300 



175 (192) (205) GeV. Similar results may be obtained by combining the four experiments for an 
integrated luminosity per experiment of about 150 pb~^. For the combined exclusion limits, the 
maximum value of mn at \/s= 175, 192, 205 GeV is reached for a luminosity per experiment of 
about 75, 150, 200 pb"^ A further increase in luminosity is not very useful in case of negative 
searches. Clearly, energy rather than luminosity is the crucial parameter to improve the range 
of masses which can be reached at LEP2. 



2.5 The LHC Connection 



It has been shown in section |2.4| that LEP2 can cover the SM Higgs mass range up to 82 GeV 
at a total energy of i/i = 175 GeV while the Higgs mass discovery limit increases to ~ 95 GeV 
for a total energy of 192 GeV. Since this mass range contains the lower limit at which the SM 
Higgs particle can be searched for at the LHC, the upper limit of the LEP2 energy is quite 
crucial for the overlap in the discovery regions of the two accelerators. 

Low-mass Higgs particles are produced at the LHC predominantly in gluon-gluon colli- 
sions ^ or in Higgs-strahlung processes [7^ , 



pp — > i7 77 

pp WH,ZH,tiH ^ i + -f-f and i + bb 

with the Higgs boson emitted from a virtual W boson or from a top quark. In the gluon-fusion 
process the Higgs particle is searched for as a resonance in the 77 decay channel which comes 
with a branching ratio of order 10~^. Even though large samples of Higgs particles can be 
generated in this mass range, the signal-to-background ratio is only a few percent and the 
rejection of jet background events which are eight orders of magnitude more frequent, is a very 
difficult experimental task. Excellent energy resolution and particle identification is needed 
[[75| to tackle this problem. It has been shown in detailed experimental simulations that the 
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significance S/ \/B of tlie Higgs signal is expected to rise in tliis cliannel from a value ~ 2.5 at 
mu = 80 GeV to a value ~ 4.5 at = 100 GeV for / £ = 3 x 10^ pb"^ if ATLAS and CMS 
analyses are combined. 

In the Higgs-strahlung process, the events can be tagged by leptonic decays of the W/Z 
bosons or the t quark to trigger the experiment and to reduce the jet background. In these 
subsamples the Higgs boson can be searched for in the bb decay mode with a branching ratio 
close to unity. This method is based on b tagging by micro-vertex detection which is anticipated 
to be an excellent tool of the LHC detectors. After suitable cuts in the transverse momenta 
of the isolated lepton and the b jets, a peak is looked for in the invariant M{bb) mass. The 
experimental significance S/ ^J~B of this method is biggest for small Higgs masses. For f C = 
3x lO'* pb~^ and ATLAS/CMS combined, experimental simulations of the sample suggest 

that 5*/ y/B falls from ~ 8 at ttih = 80 GeV down to ~ 6 at rriH = 100 GeV. It is not yet 
clear how the search can be extended to higher luminosities where the layers in the micro- 
vertex detectors closest to the beams may not survive, thus reducing significantly the 6-tagging 
performance of the experiments. 

Combining the prospective signals from the 77 and the analyses, an overall signif- 

icance of 7 to 8 may be reached for Higgs masses below 100 GeV, based on a low integrated 
luminosity of JC = 3 x 10^ pb~^ within three years. Raising the integrated luminosity to 
JC = 10^ pb~^ increases the discovery significance to almost 9 for 80 < niH < 100 GeV [|7U| . 



33 



3 The Higgs Particles in the Minimal Supersymmetric 
Standard Model 



The Minimal Supersymmetric Standard Model leads to clear and distinct experimental signa- 
tures in the Higgs sector. Two Higgs doublets, Hi and H2, must be present, in order to give 
masses to the up and down quarks and leptons, and to cancel the gauge anomalies induced 
through the Higgs superpartners. In the supersymmetric limit, the Higgs potential is fully 
determined as a function of the gauge couplings and the supersymmetric mass parameter /i. 
The breakdown of supersymmetry is associated with the introduction of soft supersymmetry 
breaking parameters, which are essential to yield a proper electroweak symmetry breaking. In 
the broken phase, the ratio of the Higgs vacuum expectation values, tan/? = V2/V1, appears as 
a new parameter, which can be related to the other parameters of the theory by minimizing 
the Higgs potential. 

The physical Higgs spectrum of the MSSM contains two CP-even and one CP-odd neutral 
Higgs bosons, h/H and A, respectively, and a charged Higgs boson pair [P3|. The tree-level 



Higgs spectrum is determined by the weak gauge boson masses, the CP-odd Higgs mass, niA, 
and tan (3. It is only through radiative corrections that the other parameters of the model affect 
the Higgs mass spectrum. The dominant radiative corrections to the Higgs masses grow as the 
fourth power of the top-quark mass and they are logarithmically dependent on the sparticle 
spectrum. The mass of the heavy Higgs doublet is controlled by the CP-odd Higgs mass 
and, for large values of tua, the effective low energy theory contains only one Higgs doublet, 
which couples to fermions in the standard way. In a first approximation, the Higgs masses 
may be calculated by assuming that all sparticles acquire masses of order of the characteristic 
supersymmetry breaking scale Ms which, based on naturalness arguments, should be below a 
few TeV. The low-energy effective theory below Ms is a general two-Higgs doublet model, with 
couplings which can be calculated as a function of the other parameters of the theory. Under 
these conditions, a general upper bound on the lightest CP-even Higgs boson mass is derived 
for values of the CP-odd Higgs mass of order Ms- For smaller values of rriA, a more stringent 
upper bound is obtained. In the following, we shall discuss in detail the different methods to 
compute the Higgs spectrum in the MSSM and the bounds which can be derived in each case. 



3.1 Higgs Mass Spectrum and Couplings 
3.1.1 Tree— level Mass Bounds 

The masses of the Higgs bosons at tree level are determined as a function of rriA, tan (3 and the 
gauge boson masses as follows. 



m 



2 I 2 



m\ + — 4:m\m\ cos^ 2(3 
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m|-± =m\ + m^. (19) 
The mass of the hghtest MSSM neutral Higgs particle is bounded to be smaller than the Z 



mass 



< ^^|cos2/5|, (20) 



and it approaches this upper bound for large values of ttia- The bound is modified by radiative 
corrections, which raise the upper limit on the lightest CP-even Higgs mass to values close to 
150 GeV. 



3.1.2 Radiative Corrections to the Higgs Masses 

The one- and partial two-loop radiative corrections to the Higgs mass spectrum in the MSSM 
have been calculated. Computations implying a variety of different approximations, which 
may be distinguished according to their level of refinement, exist. In general, the radiative 
corrections to the Higgs masses are large and positive, being dominated by the contributions of 
the third-generation quark superfields. Since the upper bound on determines the limit for 
the detectability of the Higgs boson at LEP2, it is interesting to discuss the different methods 
in some detail. 



a) Diagrammatic Approach. Order by order, a precise method of computation of the 
radiative corrections to the Higgs masses is the full diagrammatic approach. At the one-loop 
level such calculations have been pursued by several authors ^ Complete expressions, 
including all supersymmetric particle contributions are available 



;i 



The resulting Higgs 

masses are defined as the location of the pole in the Higgs propagator. In order to obtain 
a more accurate estimate of the Higgs spectrum in the diagrammatic approach, the two-loop 
effects must be evaluated. A first step in this direction was performed in Ref.|^ for the case 
of large values of the CP-odd Higgs boson mass, large tan /3, and degenerate squark masses. It 
was shown that these corrections may be quite significant, of order 10-15 GeV, underlining the 
need for a careful treatment of the two-loop effects on the Higgs mass spectrum. 



b) Effective Potential Methods. The leading corrections to the Higgs mass spectrum in the 
MSSM can be computed in a very simple way by means of effective potential methods p7| [T^ ]. If 
all the contributions from the MSSM particles are included, the results within this scheme differ 
from those of the full diagrammatic approach in that the Higgs masses are evaluated at zero 
momentum. In order to simplify the calculations, it is possible to consider only the contributions 
of the third-generation quark superfields, neglecting all weak gauge coupling effects in the one- 
loop expressions P^. This treatment of the effective potential has the virtue of displaying, in 



a compact way, the full dependence of the one-loop radiative corrections on the stop/sbottom 
masses and mixing angles. For a given squark spectrum, the numerical results obtained in this 
case differ by only a few GeV from the results obtained within the full one-loop diagrammatic 
approach. This reflects the smallness of the one-loop contributions from superfields other than 
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top and bottom. Moreover, it shows that the one-loop vacuum polarization effects relating the 
Higgs pole masses to the running masses calculated through the effective potential approach 
are in general small. The effective potential computation can be improved by including the 
dependence of the stop and sbottom spectrum on the weak gauge couplings |]79i. In the limit 



rri- 



771(2, niA ^ TTiz, where m^^^^ are the two stop mass eigenvalues, the expression of the 



lightest Higgs mass takes a simple form. 



m\ cos^ 2/5 + (Am2)iLL + (Am^) 



where 



and 



In eq.p 



3mf , 
In 



47^2^2 



l + O 



m 



w 



rrit 



(Am 

h{a, b) 



2^ ■ 

hJniix 



+ A?/(m?,m|; 



O 



m 



w 



mt 



^ cot (3 and the functions h and / are given by 
1 . /a\ - 1 



-Ml 



and f{a,b) 



by 



a + b fa 



(21) 
(22) 

(23) 
(24) 



The above expression is particularly interesting since it provides the upper bound on ruh for a 
given stop spectrum. Including two-loop effects remains, however, a necessary further step to 
obtain a correct quantitative estimate of the Higgs mass. 



c) Renormalization Group Improvement of the Radiatively Corrected Higgs Sector. 

The most important two-loop effects may be included by performing a renormalization group 
improvement of the effective potential, while taking into account, in a proper way, the effect of 
the decoupling of the heavy third-generation squarks. This program can be easily carried out in 
the case of a large CP-odd Higgs boson mass and degenerate squarks . Since only one Higgs 
doublet survives at low energies, the lightest CP-even Higgs mass may be calculated through 
the renormalization group evolution of the effective quartic coupling, assuming that the heavy 
sparticles decouple at a common scale Ms- The one-loop renormalization group evolution of 
the quartic couplings includes two- loop effects through the resummation of the one-loop result. 
The general result is, however, scale dependent but this dependence is reduced by taking into 
account the two-loop renormalization group improvement of the one-loop effective potential 
[]. The vacuum expectation value of the Higgs field and the renormalized Higgs mass 
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scale (approximately) with the appropriate one-loop anomalous dimension factors within this 
approximation. The scale dependence of the Higgs mass is cancelled by adding the one-loop 
vacuum polarization effects, necessary to define the Higgs pole mass. For the case of small stop 
mixing and large values of tan/3, the Higgs spectrum evaluated through this method agrees 



with the diagrammatic computation at the two-loop level |^ ^ 



Analytical Expression for the Lightest CP-even Higgs Mass. The two-loop RG improvement of 
the one-loop effective potential includes two-loop effects in two different ways: through the 
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resummation of one-loop effects and through genuine two-loop effects. Numerically, the latter 
are small compared to the resummation effects [^. Once an appropriate scale of order of 



the top-quark mass is adopted, the results of the one-loop RG improvement of the tree-level 
effective potential including the proper threshold effects of squark decoupling, are in excellent 
agreement with the pole Higgs masses computed by the two-loop RG improvement of the one- 
loop effective potential [|^, |89[ . This holds, for large values of the CP-odd Higgs mass, for any 
value of tan/3 and the squark mixing angles. Based on this result, an analytical approximation 
may be obtained p9| which reproduces the dominant two-loop results [p5| within an error of 



less than 2 GeV. Fig. 14 shows the agreement of the one-loop and two-loop results for rrih 



evaluated at the appropriate scale Mt, and the accuracy of the analytical approximation. In 
the MS scheme, the pole top-quark mass Mf must be related to the on-shell running mass 
rrit = mt{Mt) by taking into account the corresponding one-loop QCD correction factor 



= , , 4„ (25) 



Top Yukawa effects have been neglected in eq. (p5|) , since they are essentially cancelled by the 
two-loop QCD effects. Observe that eq.(p5|) gives the correct relation between the running and 
the pole top-quark masses only if the leading-log contributions to the running mass, associated 
with the decoupling of the heavy sparticles, are properly taken into account and the sparticles 
are sufficiently heavy so that the finite corrections become small |9^. The analytical approxi- 
mation to the one- loop renormalization-group improved result, including two- loop leading-log 
effects, is given by p9| 



'^'h = m\ cos^ 2(3 I 1 




4 



47]-2 ^2 



2 



1 ~ 1 I 3m 
-Xt + t + - 327ra, ](Xtt + r 

2 Idtt^ \ 2 f ^ 



(26) 



where the angle (3 is defined at the scale = Ms and t = log{Mg/M^). At is defined above 
and 

* - S - 4) <^^) 

Furthermore, as{Mt) = as{mz)/ (l + ^as{mz) log(M^^/m|)j with 63 = 11 — 2Nf/S being the 
one-loop QCD beta function and Np the number of quark flavours [Np = 5 at scales below 



Mt\. The supersymmetric scale M5 is defined as M5 = ^{irq^ +m?^)/2. For simplicity, all 
super symmetric particle masses are assumed to be of order Ms- Notice that eq.(p6D includes 
the leading D-term correction 0{m\m'f) W%. 



A similar analytical result to eq. ( P6[ ) has been obtained in Ref . . In this approximation the 
two- loop leading- logarithmic contributions to m\ are incorporated by replacing rrit in eq.(|2TD 
by the running top quark mass evaluated at appropriately chosen scales. For m^^ = M5 

the result is: 

ml = m| cos^ 2/3 + {^ml)ii^i^{mM) + {^ml)^^{mt{Ms)) (28) 
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Figure 14: The lightest Higgs mass as a function of the physical top-quark mass, for Ms = 1 
TeV, evaluated in the limit of large m^, as obtained from the two-loop RG improved effective 
potential (solid lines), the one-loop improved RG evolution (dashed lines) and the analytical 
approximation, eg. ^dj) (dotted-lines). The four sets of lines correspond to a) tan/? = 15 with 
maximal squark mixing, b) tan/5 = 15 with zero-squark mixing, c) the minimal value of tan P 
allowed by perturbativity constraints for the given value of Mt (IR fixed point) for maximal 
mixing and d) tan/3 the same as in c) for zero mixing. 




Figure 15: The radiatively corrected light CP-even Higgs mass is plotted as a function of the 
MSSM parameters. The one-loop leading-log computation is compared with the RG-improved 
result which was obtained by numerical analysis and by using the simple analytic result given 
in eq.(^^). 
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where Ht = y/MfMs; the running top-quark mass is given by 



rritifJ,) = 



1 - 



^) In ( 4^ 



(29) 



with at = h^/47c. All couplings on the right hand side of eq.(^) are evaluated at Mf. The 
requirement that the two stop mass eigenstates be close to each other allows an expansion of 
the functions h and /, eg . (^l]) , in powers of rritAt/M^. The resulting expression for the Higgs 
mass is equivalent to the one obtained by performing an expansion of the effective potential in 
powers of the Higgs field (p. Keeping only operators up to order four in the effective potential, 
eg .(^81) reproduces the expression of eg . (|26|) . This comparison holds up to small differences 
associated with the treatment of the effects due to the weak gauge couplings in the one-loop 
effective potential, and with the inclusion of the top Yukawa effects in the relation between the 
pole and running top-quark mass [^, 0. A more detailed treatment of the dependence of the 
Higgs mass on the weak gauge couplings may be also found in Ref . |^ . 



Fig.|T^ shows the comparison between the results of the analytical approximation, eq . (^91) , 
and the one-loop RG improvement to the full one-loop leading-log diagrammatic calculation. 
In general, the prescription given in eq.(p9D reproduces the full one- loop RG-improved Higgs 
masses to within 2 GeV for top-squark masses of 2 TeV or below. The dashed line in the 
figure shows the result that would be obtained by ignoring the RG-improvement; it reflects the 
relevance of the two-loop effects in the evaluation of the Higgs mass. 



The Case < Mg. A similar RG improvement of the effective potential method to the one 
already discussed can be applied to calculate all the masses and couplings in the more general 
case of a light CP-odd Higgs boson rriA ~ Ms- As above, the finite one-loop threshold corrections 
to the quartic couplings at the scale Ms at which the heavy squarks decouple [87| are also taken 
into account. The effective theory below the scale Ms is a two-Higgs doublet model 

where the tree-level quartic couplings can be written in terms of dimensionless parameters 
Aj, i = 1, . . . , 7, whose tree-level values are functions of the gauge couplings. The one-loop 
threshold corrections AA^, i = 1, . . . , 7, are expressed as functions of the supersymmetric Higgs 
mass /i and the soft supersymmetry breaking parameters At, Ab and Ms An analytical 
approximation, which reproduces the previous one-loop RG improved results for all values of 
tan/? and rriA, can also be derived. For example, generalizations of Eq. (^) can be found in 
Refs. p9|, [9^ . The CP-even light and heavy Higgs masses and the charged Higgs mass are given 
as functions of tan/3, Ms, At, Ab, /i, the CP-odd Higgs mass and the physical top-quark 
mass Mt related to the on-shell running mass rrit through eq. . The analytical expressions 
for the masses and mixing angle of the Higgs sector as a function of the parameters Aj are 
presented in Appendix p.2\ These expressions are the analogue of eq. ( PB| ) for the case in which 
two-Higgs doublets survive at low energies. Effects of the bottom Yukawa coupling, which may 
become large for values tan/3 ~ nit/mb (jUb being the running bottom mass at the scale Mt), 



are also included. A subroutine implementing this method is available |93 
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Table 13: MSSM Higgs couplings relevant at LEP2. 



Vertex 


bouplmg 


{h,H}W^W, 


i2{GF\^y^'^m'^gfj,i,{sin{(3 - a), cos{a - /?)} 


{h,H}Z^Z, 
{h, H, A}uu 


^2{GFV2Y/'^^g,AMP ' «), cos(a - (3)} 

COS ^\/\/ 

—t {cos a, sm a, —^75 cosp} 

sm p 


{h, H, A}dd 


—I { — sm a, cos a, —^75 snip} 

cosp 


{h,H}AZ^ 


-{V2GFf'^mz{j) + A;)^{cos(/5 - a), - sin(/5 - a)} 



Couplings. Notice that the radiatively corrected quartic couplings Aj 



7, and hence 



the corresponding value of the Higgs mixing angle a as given in Appendix f).2\ permit us to 
evaluate all radiatively corrected Higgs couplings. For instance, the Yukawa and gauge Higgs 
couplings relevant for LEP2 energies are listed in Table |T3| [p^ {k^) is the incoming (outgoing) 
CP-odd (CP-even) Higgs momentum]. The size of the couplings of the two scalar Higgs bosons 
to fermions and a gauge boson are shown in Fig.|l6| [^. For fermions the charged Higgs 
particles couple to mixtures of scalar and pseudoscalar currents, with components proportional 
to m^cot (3 and m^tan/? for the two ± chiralities. The couplings to left(right)-handed ingoing 
M quarks are given by = [\/2GFY^'^'rnuCoi (3 (m^ tan/5). For large tan /5 the down-type 

mass defines the size of the coupling; for small to moderate tan {3 it is defined by the up-type 
mass. Furthermore, the trilinear Higgs couplings can be explicitly written as functions of Aj, a 
and (3 



d) Renormalization Group Improvement of the Effective Potential: General Third- 
Generation Squark Mass Parameters. The above one-loop RG improved treatment of the 
effective potential relies on the definition of an effective supersymmetric threshold scale, M| = 
(m?^ + mf^)/2. Its validity is therefore restricted to the case of small differences between the 
squark mass eigenvalues. Quantitatively, the method is valid if (m?^ — m?_^)/(m?^ + ttl'^^) < 0.5. 
Furthermore, all the RG Higgs analyses performed in the literature, besides Ref.[^, rely on 
the expansion of the effective potential up to operators of dimension four. However, to safely 
neglect higher dimensional operators, the conditions 2\MtAt\ < M| and 2\Mtfi\ < M| must be 
fulfilled. 



40 



100 



30 I— 
10 

3 



:l I I I I I I I I I I I I I r= 



taiij3=50 



hdd; 
= -sina/cosjS 



taii^=1.6 



i 

r 

T 



I I I I I I I I I I I I I 



-r 

J 



60 80 100 120 




60 80 100 ISO 




.03 

.01 



no mix 

max: mix 



I I I I I I I I I I I I I T^t- 

60 80 100 130 



100 

30 
10 

3 
1 



1 I ' I ' I ' ^ 
tQi4S=50 — 

Hdd: 
cosot/cosjJ 



tan^=l.e 




J \ L 



5Li 



100 200 300 SOD 700 




100 200 300 500 700 




100 200 300 500 700 



Figure 16: MSSM Higgs couplings normalized to the SM couplings gfjff 
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The case of large splitting in the stop sector is particularly interesting in the light of recent 
measurements of Rb = r{Z —>■ bb) /T{Z —>■ hadrons), whose discrepancy of more than 3 standard 
deviations with the SM prediction can be ameliorated in the presence of a light higgsino together 
with a light right-handed stop (see the discussion in the chapter on New Particles) [ p.01|| -| T0^ |. 



The left-handed stop must instead remain reasonably heavy to avoid undesirable contributions 
to the W mass and the Z leptonic width. It is hence important to generalize the results 
previously obtained by using the renormalization group improved one-loop effective potential, 
to the case of general values of the left- and right-handed squark masses and mixing parameters, 
uiQ, 771(7, ^D, and Ab, respectively. In this case the contribution of higher dimensional 
operators to the effective potential must be properly taken into account; hence, the naive 
treatment in terms of quartic couplings is no longer appropriate. 



In Ref.||91||, a method has been developed for the neutral Higgs sector of the theory, in 



which each stop and sbottom particle is decoupled at its corresponding mass scale. Threshold 
effects, associated with the decoupling of the heavy sparticles, are frozen at the decoupling 
scales; they evolve, in the squared mass matrix, with the anomalous dimensions of the Higgs 
fields. The threshold effects achieve a complete matching of the effective potential for scales 
above and below the decoupling scales, and include all higher order (non-renormalizable) terms 
arising from the whole MSSM effective potential. The dominant leading-log contributions 
in the expressions of the renormalized Higgs quartic couplings involve the scale dependent 
contributions to the effective potential and are treated in the same way as in the RG improved 
approach described above. The way to proceed in evaluating the CP-even Higgs mass values 
and mixing angle a is explained in detail in Ref.|^. A subroutine implementing the method is 



available p3 . This approach makes contact with the computation of the Higgs masses by means 



of the effective potential performed in Ref . . Moreover, it reproduces the results of Ref . 



for small mass splitting of the squark masses. This comparison holds up to a tiny difference 
coming from the inclusion of the small dependence of the one-loop radiative corrections on the 
weak couplings and the vacuum polarization effects. Indeed, in Ref. pl|1 the definition of pole 
Higgs masses is introduced by including the most relevant vacuum polarization effects. The 
gaugino corrections, which are relatively small, have been also included by incorporating (only) 
the one-loop leading logarithmic contributions. 



3.1.3 Results 

The lightest CP-even Higgs mass is a monotonically increasing function of rriA, which in the 



low tan (3 regime converges to its maximal value for tua ~ 300 GeV. In Fig.|T^ the upper limits 
on the lightest CP-even Higgs mass rrih [realized in the large rriA limit] are shown as a function 
of tan (3. Since the radiative corrections to the Higgs mass depend on the fourth power of the 
top mass, the maximal top-quark mass compatible with perturbation theory up to the GUT 
scale has been adopted for each value of tan/3. Apart from the natural choice of the mixing 
mass-parameters and the scale Ms, this result is the most general upper limit on mh for a given 
value of tan /3 in the MSSM. The variation of the upper bound on rrih as a function of Mt is 
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shown by the sohd hne (a) of Fig.|T^ In Fig.|T8| the mass rrih is plotted for different values of the 



mixing parameters A = At and yU. In fact, A ^ <^ Ms yields the case of negligible squark 
mixing, while A = \/6Ms, \f^\ <^ Ms characterizes the case of large mixing [i.e. the impact of 
stop mixing in the radiative corrections is maximized]; A = = Ms yields moderate mixing 



for large tan /? while the mixing effect is close to maximal for low tan p. In Fig.|l9| we show the 
masses of the two CP-even Higgs bosons and of the charged Higgs boson as a function of ttia 
for the case A = = Ms = 1 TeV, Mf = 175 GeV and different values of tan/3. The peculiar 
behavior of rrih and rriH for large tan (3 will be explained in the following. 

In general, for very large values o/tan/5 and values of /i. At and A^ of order or smaller than 
Ms, the mixing in the Higgs sector is negligible and the CP-even Higgs mass eigenstates are 
approximately given by Hi and As a result, the properties of h and H mainly depend on the 
value of TTiA- For m\ > 2v'^\2 = m| + rad.corr., one approaches the decoupling limit and the 
relations sin a ~ — cos/3 and cos a ~ sin/? hold. Hence, the CP-even Higgs mass eigenstates 
are given by /i ~ sin j3H2 + cos (3 Hi ~ H2 and H ~ sin (3 Hi — cos /3if2 — Hi. In this case the 
lightest CP-even Higgs couples to up (down) fermions as 

huu — > hu sin (3 and hdd —>■ cos (3 (30) 

where huSm(3 (hdcosp) is the SM coupling h^^'^ {h^/') [Observe that /ij^ = gflffV^, with 
f = u,d\. The heaviest CP-even Higgs boson, instead, couples in highly non-standard way to 
fermions, 

Huu K cos (3 = hl^' cot 13 and Hdd sin (3 = h^/' tan 13 (31) 

so that the coupling to up (down) quarks is highly suppressed (enhanced) with respect to the 
coupling in the Standard Model. For m\ < 2f^A2 instead, sin a ~ — sin/? and cos a ~ cos/3. 
Hence, the CP-even Higgs mass eigenstates are given by ^ cos (3H2 + sin (3Hi ~ Hi and 
H ~ — sin/5if2 + cos(3Hi ~ —H2- In this case the situation is interchanged; h has the non- 
standard type of couplings to fermions, eq. (|3l]) , and H has the SM couplings, eq. (|30|) . 

The values of the CP-even Higgs masses depend on the size of the H2 or Hi component. 
When the Higgs is predominantly H2, its mass is given by eq.(^) for | cos2/3| = 1, neglecting 
the small bottom-quark Yukawa effects. When the Higgs is predominantly Hi, instead, its 
mass is given by itla- Hence, the mass of the lightest Higgs boson is given by m\ ~ m\ (and 
non-standard couplings to fermions) if m\ < 2v^X2, and it is given by eq.(p6|) for larger rriA, 
for which the couplings to fermions are SM-like. The complementary situation occurs for H 
and this can clearly be observed in Fig.|19[ 

The effects of the bottom quark are only relevant in the limit of large /i parameters. For 
values of fi larger than Ms relevant corrections, which are dependent on the bottom mass, enter 
the Higgs mass formulae. This can be easily understood in the case tuq = niu = tud = Ms, 
by studying the dependence of A2 on the supersymmetric Yukawa couphng hh [see appendix 
p.2| . For values of hh of order of ht, or equivalently for tan/3 ~ mt/mb, A2 depends significantly 
on the fourth power of the n parameter. These radiative corrections are negative, lowering the 



mass of the CP-even Higgs associated with the H2 doublet. Fig.^ shows the case of large rriA 
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Figure 17: Upper limit on the mass of the lightest neutral Higgs boson mass rrih as a function 
of tan /3 for zero mixing ( dashed line ) and for the maximal impact of mixing in the stop sector 
(solid line); Mg ^ 1 TeV. 
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Figure 18: Lightest neutral Higgs boson h in the MSSM as a function of tha for zero mixing 

( dashed line ), for intermediate mixing ( dotted line ) and for the maximal impact of mixing in 
the stop sector (solid line); for two values of tan (5 — 1.6 (lower set), 15 (upper set): Ms — 1 
TeV and Mt = 175 GeV. 
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Figure 19: Lightest CP-even Higgs boson mass (dashed line), heaviest CP-even Higgs mass 
(solid) and charged Higgs mass (dotted line) in the MSSM as a function of niA for A — —/i — 
Ms^ 1 TeV, Mt ^ 175 GeV and different values o/tan/3 
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For large values of /i and small values of tua, the charged Higgs mass also receives large 
negative radiative corrections, which grow as the fourth power of the parameter. Hence, 
large negative corrections to the charged Higgs mass may be obtained. Such large values of /i, 
however, may be in conflict with the stability of the ordinary vacuum state. 



3.1.4 Additional Constraints: h-r Unification and Infrared Fixed Point Structure 



The MSSM can be derived as an effective theory in the framework of supersymmetric grand 
unified theories. In addition to the unification of gauge couplings, the unification of the h and r 
Yukawa couplings, hf,{McuT) = hriMcur), appears naturally in most grand unified scenarios. 
Given this additional constraint, the experimental values of the b and r masses at low energies 
determine the value of Mt as a function of tan (3 ^ . In fact, for the present experimental 

range of the top-quark mass Mt = 180 ± 12 GeV [^, the condition of b-r unification implies 
either low values of tan (3,1 < tan /3 < 3, or very large values of tan f3 = 0{mt/mh) ~ 50 UTI 



32| . To accommodate b-r unification, large values of the top Yukawa coupling are necessary in 



order to compensate for the effects of the renormalization by strong interactions in the running 
of the bottom Yukawa coupling. Large values of hf^McuT) 14:71 ~ 0.1-1 ensure the attraction 
towards the infrared (IR) fixed point solution for the top quark mass [Q. The strength of the 
strong gauge coupling as well as the experimentally allowed range of the bottom mass play a 
decisive role in this behavior ||3^-[^. In the low tan/5 case, for the presently allowed values 
of the electroweak parameters and of the bottom mass and for values of as{mz) ~ 0.115, b-r 
unification implies that the top-quark mass must be within ten percent of its infrared fixed point 
values. A mild relaxation of exact unification [0.85-0.9 < hh/hrlMouT — l-^^] still preserves this 
feature, especially for values of < 4.95 GeV. In the large tan/5 region, hf, is 0{ht) and the 
infrared fixed point attraction, within the context of b-r Yukawa coupling unification, is much 
weaker. 

The top-quark mass is also predicted to be close to its infrared-fixed point value in string 
scenarios, in which the top-quark Yukawa coupling is determined by minimizing the effective 
potential with respect to moduli fields Quite generally, the fixed point solution, ht = h^^, 
is obtained for large values of the top Yukawa coupling at high energy scales, which however 
remain in the perturbative regime. Within the framework of grand unification, one obtains 
{hj.^)^/4:7T ~ {8/9)as{mz) for Mqut — 10^^ GeV, and the running top-quark mass tends to its 
infrared fixed point value mf^ = hf^v sin (3. Hence, relating the running top-quark mass mt 
with the pole top-quark mass Mt by taking into account the appropriate QCD corrections we 
arrive in the low tan/5 regime at ||100|| , 



IR 



sin/5 [l + 2(a,(mz) -0.12)] 



X 196 GeV 



(32) 



The strong Mi-tan/5 correlation associates with each value of Mt at the infrared fixed point 
the lowest value of tan /5 consistent with the validity of perturbation theory up to scales of 
order Mqut- If the physical top-quark mass is in the range 160-190 GeV, the values of tan/3 
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are restricted to the interval between 1 and 3. This is in agreement with the results from b-r 
Yukawa unification. 



The infrared fixed point solution can also be analysed in the large tan/3 case, where the 
effects of the bottom Yukawa coupling need to be taken into account in the RG evolution as 
well. For instance, if the values of the supersymmetric Yukawa couplings of the bottom and top 
quarks are very close to each other, mt{Mt) ~ mi,{Mt) tan/5, the infrared fixed point prediction 
for the top-quark mass is reduced by a factor -\/6/7 with respect to eq. (|32D p8| , |105|| . Still, the 



/6/7 with respect to eq. 
values of Mt predicted in this regime are about 190 GeV. 



After the above general discussions we shall describe their consequences for the Higgs sector: 
(i) The infrared fixed point structure in the low tan/5 region have far-reaching consequences 



for the lightest CP-even Higgs mass in the MSSM [^-|^S[. Indeed, for tan/5 larger than 
one, the lowest tree-level Higgs mass is obtained at the lowest value of tan (3. Hence, in any 
theory consistent with perturbative unification, the fixed point solution is associated with the 
lowest value of the tree-level mass consistent with the theory. Even after including radiative 
corrections, the upper bound on the Higgs mass is considerably reduced at the fixed point 
solution: for a top mass of 175 GeV, the upper limit of the Higgs mass is less than 100 GeV, 
while for Mt = 160 GeV, it is even less than 80 GeV (see Fig.[l^) . Hence, if the infrared fixed 
point solution for the top-quark with Mt ^175 GeV is realized in nature, the lightest CP-even 



Higgs mass must be accessible at LEP2 for -^i = 192 GeV Fig.0 shows also that for 

Mt= 175 GeV the upper bound on the lightest Higgs mass in the case of b-r Yukawa coupling 
unification is nearly 25 GeV smaller than the unrestricted MSSM limit. 

The present data indicate that the value of Rh = Tb/Th is more than 3a above the SM 
prediction for this quantity. Large positive radiative corrections to Rb are always associated 
with large values of the Yukawa couplings; they are therefore maximized at the infrared fixed 
point solution ||102| , |100|| . Moreover, presicion measurements also provide information about 



the structure of the soft supersymmetry breaking terms: Low values of the right-handed SUSY 
breaking stop mass rriu and of the SUSY mass parameter fi are preferred, while the left-handed 
stop mass parameter tuq must be larger than mjj. For a fixed large value of mq, the upper 
bound on the Higgs mass is significantly lower in the case mu -C mq than in the case mu — mq. 
Fi^2T| shows the Higgs mass as a function of mq for mu = 100 GeV, = 300 GeV and tan j3 



consistent with the fixed point solution for Mt = 175 GeV, for different values of the mixing 
mass parameter At. Even for the largest value of At physically acceptable [i.e. above the 
experimental lower bound] , the Higgs mass remains below 85 GeV. Hence, for the values of the 
supersymmetry breaking mass terms preferred by the precision electroweak data, associated 
with a light right-handed stop, lower values of mh than naively expected are obtained. 

Furthermore, the most general upper bounds on rrih at the infrared fixed point are valid for 
very large values of the mixing parameters in the squark sector [At, Ab and /x] which in general 
are hard to realize. Requiring radiative breaking of the electroweak symmetry [yet no colour 
breaking], and imposing the boundary conditions from experimental SUSY mass limits, the 
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Figure 21: Plot of the pole Higgs mass as a function of mg, for Mf = 175 GeV, tan/5 = 
1.6, = Ab = 0, mu = rriD = 1 TeV and = 300 GeV. The lines denote different values 
of the At parameter. Starting from below at mq = 1 TeV, At = 0, 0.2, O.4, 0.6, 0.8, 1 TeV, 
respectively. 



range of upper values of ruh is reduced further ||100|| . In the general framework of supergravity 



models, various analyses have been performed in the literature to study the spectrum of a 



constrained MSSM at different levels of refinement ||106 | 



(ii) The condition of h-r Yukawa coupling unification is also consistent with the values of the 
top-quark mass measured at the Tevatron for very large values of tan/? ~ rrit/mi,. There are, 
however, large uncertainties in this sector associated with one-loop supersymmetric corrections 
to the bottom mass. These radiative corrections are strongly dependent on the structure of the 
supersymmetric spectrum and induce strong variations in the predictions for the top-quark mass 
and tan/?, once the unification of the h and r Yukawa couplings is implemented. Nevertheless, 
the large tan/3 regime with unification of the h-r Yukawa couplings, although more model 
dependent, provides an interesting framework for Higgs particle searches at LEP2. 

Large positive radiative corrections to Rb can also be obtained for large values of tan (3, since 
the supersymmetric bottom-quark Yukawa coupling is enhanced in this regime. Indeed, the 
value of Rb can be significantly increased if the CP-odd Higgs mass is below 70 GeV [|101|| - [103| . 



This is a result of the large positive one-loop corrections associated with the neutral CP-odd 
Higgs scalar sector of the theory. Low values of the CP-odd Higgs mass, — vnz-, imply 
that both the lightest CP-even and the CP-odd Higgs masses would be at the reach of LEP2. 
The charged Higgs mass is approximately determined through the CP-odd Higgs mass value, 
m^± ~ -|- m^, and hence, strong constraints on ruA are obtained from the charged Higgs 
contributions to BR(6 — > S7). Even conservatively taking into account the QCD uncertainties 
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associated with the branching ratio BR(6 — > S7) [i.e. assuming e.g. 40% QCD uncertainties], 
the b s'-f decay rate becomes larger than the presently allowed experimental values ||107|] for 
mH± ~ 130 GeV, unless the supersymmetric particle contributions suppress the charged Higgs 
enhancement of the decay rate. The most important supersymmetric contributions to this rare 
bottom decay come from the chargino-stop one- loop diagram |p.08|| . The chargino contribution 
to the 6 — i> 57 decay amplitude depends on the soft supersymmetry breaking mass parameter 
At and on the supersymmetric mass parameter /x. For very large values of tan /?, it is given by 

A,,^4^tan/?Gf^l (33) 

where G{x) is a function with values of order unity when the characteristic stop mass m^ is 
of order /i, and it grows as /i decreases. For positive (negative) values of At x fj, the chargino 
contributions are of the same (opposite) sign as the charged-Higgs contributions. Hence, to 
partially cancel the light charged-Higgs contributions and render the 6 — 57 decay rate ac- 
ceptable, negative values for At x fi are required. This requirement has direct implications on 
the corrections to the bottom mass mentioned above and puts strong constraints on models 
with unification of the Yukawa couplings [BB, [I09| . 



3.1.5 MSSM Parameters 

In the experimental simulations, we have chosen as the two basic parameters of the Higgs sector 
the mass m^ of the pseudoscalar Higgs boson within the limits 40 GeV < < 400 GeV, and 
the angle (3 within the bounds 1 < tan/5 < mt{Mt)/mb{Mt) ^ 60. The upper limit on is 
introduced merely for convenience, since the variation of mh with becomes negligible for 
values of > 200-250 GeV. The upper value of tan j3 is chosen such that the bottom Yukawa 
coupling remains in the perturbative regime for scales below the grand unification scale. A given 
value of tan/5 implies an upper limit on the top mass for which the theory can be extended 
perturbatively up to the GUT scale. For tan (3 = 1 this upper limit is already close to 150 GeV 
so that lower values of tan/5 would be inconsistent with values of the top quark mass in the 
experimental range. In the examples we shall discuss, we have chosen: 

(i) Top mass, Mt = 175 ± 25 GeV; 

(ii) SUSY scale, Ms = 10^ GeV; 

(iii) SUSY Higgs mass parameter /z and soft SUSY breaking parameter At = Ab = A: 
A = and 1/^1 -C Ms [no mixing]; 

A = ^/GMs and |yu| <^ Ms [maximal mixing]; 
A = Ms = —n ["typical" mixing]. 
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We have taken Ms of order 1 TeV to include the effects of possibly large radiative corrections 
to the lightest CP-even Higgs mass. In the same way the choice of the soft SUSY breaking 
parameter A and of the SUSY mass parameter /i is motivated. The central top mass value 



is close to the central value measured at the Tevatron |^3[. The upper and lower bounds are 
extreme, roughly corresponding to the ±2cr limits of the CDF measurement. Although the 
central value for Mt extracted from the LEP precision measurements in the MSSM for large 
masses of the SUSY particles would be somewhat lower than the central value observed in the 
Tevatron events, the lower values are still consistent at the 2a level. 



3.2 Production and Decay Modes of MSSM Higgs Particles 
3.2.1 Higgs Production 

The main production mechanisms of the neutral Higgs bosons h and A in the MSSM at LEP2 



energies are through the following processes [110 



Higgs-strahlung: e^e Z h , , 

Associated pair production: e"''e^ ^ Ah 

The fusion processes, similar to the Standard Model, play only a marginal role at the kinematical 
limit of the Higgs-strahlung process for the production of the CP-even Higgs boson h. The CP- 
odd Higgs boson A cannot be produced in Higgs-strahlung and in fusion processes to leading 
order. 

The production of the heavy CP-even Higgs particle H is very difficult at LEP energies. In 
the tiny corner of parameter space, for moderate to large tan /3, where associated AH produc- 
tion would be allowed kinematically, the production cross section is suppressed by the small 
coefficient sin^(/3 — a), due to the ZAH coupling discussed earlier, and the threshold P-wave 
factor. For tan/5 = 3 (50), tua = 60 GeV, mn = 123 (117) GeV, it is 4 (0.001) fb. 

The cross sections (B^ may be expressed in terms of the cross section ctsm for Higgs- 



strahlung in the Standard Model in the following way ||110| , ^q : 

a{e^e^^Zh) = sin^(/3 — a) (Tsm (35) 
a(e^e^ Ah) = cos^(/5 — a) A ctsm (36) 

The factor A = A^''^/{A^'';^ [12m|/s -|- Xzh]} accounts for the correct suppression of the P-wave 
cross section near the thresholds. [Ajj = (1 — (rrij + rrijY / s){l — {rrii — mj)^/s) is the usual 
momentum factor of the two particle phase space.] The cross section for WW fusion of h is 
reduced by the same factor sin^(/5 — a) as is the cross section for Higgs-strahlung. 

The cross sections for Higgs-strahlung Zh and associated pair production Ah are comple- 
mentary to each other, coming either with the coefficient sin^(/3 — a) or cos^(/3 — a). The cross 
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sections are shown for two representative values of tan/5 = 1.6 and 50 in Fig.^. The top-quark 
mass is varied, as usual, between 175 ± 25 GeV. Since the upper limit on nih depends strongly 
on Mt for small values of tan j3 where the tree-level mass is small, the endpoints of the curves 
are shifted upwards significantly with increasing top mass. For large values of tan/3, on the 
other hand, the dependence of the upper bound of rrih on the radiative corrections is weaker for 
rising top mass due to the large value of mh at the tree level. The supersymmetric coefficient 
cos^(/? — a) is nearly independent of the top mass and it is very close to unity, so that the 
spread between the curves is negligible; the coefficient sin^(/5 — a) is correspondingly small. In 
this large tan /3 case, the curves terminate at the kinematical limit before m™'^^ can be reached, 
in contrast to the small tan /3 case. For large tan (3 the non-zero widths of the particles are 
taken into account. 

For small tan f3, Higgs-strahlung Zh provides the largest production cross section while the 
cross section for Ah associated pair production is much smaller. With azh ~ C(0.5 pb) at 
^/s = 192 GeV, this mechanism gives rise to a large sample of Higgs particles. For large tan (3, 
associated Ah production is the dominant mechanism with rates similar to the previous case. 

The predictions for the cross sections e~^e^ Zh and Ah presented above have been based 
on the improved effective potential approximation which takes into account heavy (s) quark 
effects on Higgs masses, mixings and couplings. It turns out a posteriori that this scheme 
is quite accurate. Indeed, the box contributions to the cross sections are fairly small 111|. 



This is demonstrated in Fig.^ where the box contributions are compared with the Born term, 
defined for the effective value tan 2a = — (m| + rn\) tan/3/(m| + m\ tan^ /? — m\/ cos^ j3). The 
leading part of the box contributions is generated by the two-Higgs doublet diagrams while the 
contributions of the genuine SUSY particles are very small. 



The angular distributions are of the standard form |^ for Higgs-strahlung and spin-zero 
pair production. 



da j A sin 61 + '&m\/s for e+e — > Zh 



dcosO 1 sin^^ for e+e Ah 



(37) 



Since the main decay mode of scalar and pseudoscalar Higgs particles are bb decays in the 
MSSM, it is interesting to study the 4-fermion process e~^e~ bbbb in greater detail. The 
final state includes the signal Zh {bb)z{bb)h in the Higgs-strahlung process, and the signal 
Ah — >• {bb)A{bb)h for associated pair production. The main component of the background is 
e'^e~ — > Z*Z* production followed by Z* bb decays. These cross sections have been evaluated 
for a cut on the invariant bb mass of m{bb) > 20 GeV. The results are shown for a variety of 
combinations (m^, tan/5) in Table |1^ for -^i = 192 GeV. 

The cross section for the production of charged Higgs bosons 

e+e" H+H~ (38) 



is built up by s-channel 7 and Z exchanges pi] , |112|| . It depends only on the charged Higgs 
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Figure 22: The cross sections for Higgs-strahlung Zh and associated pair production Ah in the 
MSSM for two values of tan/3 = 1.6 and 50 and the top mass Mf = 175 ± 25 GeV. 
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Figure 23: The box contributions to the cross sections for Higgs-strahlung Zh and associated 
pair production Ah for ^/s = 192 GeV; rriA = 90 GeV and a slepton mass = 100 GeV. 



mass and no extra parameter, 



cr e e 



37rs 



1 + 



+ 



Vt V 



H 



/s (1 - ml/sf 



(39) 



where the rescaled Z charges are defined by de = —l/4:CwSw and Ve = (—1 + 4:s'^)/4:CwSw 
and vh = (—1 + 2s^)/2cvkSvf [note that = sin^^vi^]; Ph = — 4:m?^±/ sY^"^ is the velocity 
of the Higgs particles. The cross section is shown in Fig.|2^ as a function of the charged Higgs 
mass for the three representative LEP2 energy values a/s = 175, 192 and 205 GeV. Within the 
MSSM the present lower limit of the charged Higgs boson mass is about 85 GeV so that only 
a small window is left for LEP2. Even though the cross section is not particularly small for 



Table 14: The process e~^e bbbb at ^/s = 192 GeV. Gross sections in fb. 





(niA [GeV], tan/3) 


(75,30) 


(400,30) 


(75,1.75) 


(400,1.75) 


oo 


no 
ISR 


EXCALIBUR 
HZHA/PYTHIA 


135.17(61) 


23.286(58) 


163.36(75) 


74.04(31) 


25.933(10) 
22.816(50) 


with 
ISR 


EXCALIBUR 
HZHA/PYTHIA 


118.60(58) 


18.761(87) 


151.75(75) 


57.74(28) 


23.045(23) 
18.384(80) 



53 



10 - 



_l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

r \v 


1 M 1 M M 


1 1 1 1 1 1 1 1 i_ 


: a(eV^H^H") [fb] \ 






" Vs = 175 GeV 


1 192 * 


1 205 \ I 


-i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 


il 1 1 1 1 1 1 1 


Il 1 1 1 1 1 1 1 i- 



60 65 70 75 80 85 90 95 100 105 

M^± [GeV] 

Figure 24: The cross section for charged Higgs boson production. 

mH± ~ 80 to 90 GeV, the signal is very hard to extract from the overwhelming background of 
WW pair production in this mass range. The analysis of cascade decays H"^ W*h, W*A 
can ameliorate the prospects of detecting the charged Higgs boson in this mass range for small 
tan p. 



3.2.2 Decay Modes of the MSSM Higgs Particles 

Decays to SM particles. For tan (3 > 1 the lightest CP-even neutral Higgs boson h decays almost 
exclusively to fermion pairs if the mass rrih is less than 100 GeV. Near the upper limit of rrih 
for a given tan (3, i.e. in the decoupling region, the decay pattern becomes SM-like. Fermion 
pairs are also the dominant decay mode of the pseudoscalar Higgs boson A. The partial decay 
widths of all the neutral Higgs bosons $ into fermions are given by 



//) 



4V2: 



IT 



1 + 



17 tt^ 
3 vr 



(40) 



The small additional 



in the limit mj, ^ mj. The couplings have been defined in Table 

0{a'j.) contributions have been summarized in Ref. [0 . As anticipated from chirality arguments. 



the widths, including the QCD radiative corrections, do not depend on the parity of the state 
apart from the overall coupling 5'$// in the limit of large Higgs masses. For quark decays, 
rrif has to be chosen as the running quark mass evaluated at the scale m$. The electroweak 
corrections are incorporated at a sufficient level of accuracy by adopting the effective potential 



approximation for the couplings ||113 | 



54 



The partial width for charged Higgs decays to quark pairs is obtained from 



T{H^ UD) 



4^2: 



\Vj 



UD\ 



TT 



cot^ (3 mfj + tan^ (3 m\) 



1 + 



TT 



(41) 



This formula is valid if either the first or the second term is dominant. The up and down quark 
masses mu,D are defined again at the mass scale of the charged Higgs boson. 

Since the h quark couplings to the Higgs bosons are in general strongly enhanced and the 



t quark couplings suppressed in the MSSM [cf. Fig.|T6|, h loops may contribute significantly to 
the gg coupling so that the approximation ruq ^ m\ cannot be applied any more in general. 
Nevertheless, it turns out a posteriori that this remains an excellent approximation for the 
QCD corrections. The CP-even and CP-odd Higgs decays to gluons and light quarks [|12] are 
given by the expressions 



r($ gg{g),qqg) 



G'^«2^|(9/4) 



16 V2' 



t,b 



1 + 



95 /97\ 7^ ■ 



a. 



TT 



(42) 



where the parentheses refer to the pseudoscalar particle. The form factors are defined by 



A 



h,A 



h,A 



X r [l + (l-r)/(r)] and A^ = g^Tf{r) 



(43) 

with /(r) = arcsin2(l/v/f) for r > 1 and -\ [log(l + - V^^) - i-nf for r < 1. 

The parameter r = 4mQ/m|, is defined by the pole mass of the heavy loop quark Q. In the 
same way as as(m<j>), the coefficient of the QCD corrections must be evaluated for Np = 3 if 
gluons and only light quarks are considered in the final state [cf. the SM section for details]. 

At the edge of the mass range accessible at LEP2, the CP-even Higgs boson h can decay 
into virtual gauge boson pairs W*W/Z*Z. The widths are the same as in the Standard Model, 
yet suppressed by the MSSM coefficient sin^(/5 — a). 

(ii) Cascade decays. A variety of cascade decays could in principle play a role in some ranges 
of the MSSM parameter space accessible at LEP2, if sufficiently large samples of heavy Higgs 
bosons were generated. However, for the typical set of parameters discussed in this report, 
these decay modes are not very important in general and details may be traced back from 
rr^ j. The only exception are the cascade decays of the charged Higgs bosons for small 



to moderate tan /3, 

r(if+ 



hW- 



AW- 



■ hff) 
Aff) 



'^^"^'^ cos^(/5 



hW 



-mH±(jAW 



(44) 
(45) 



The coefficients G depend on the mass ratios of the particles involved, 



2{-l+ - Xii 



IT I Kj{l - Kj + Ki) - Xij 

+ arctan ' 

^1 — Ki)J Xij 



+ {Xij - 2Ki) log(Ki) + -{I - Ki 



5(1 + Ki) - AKi Xi 



(46) 
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with Ki = mf/m'jj± and Xij = — 1 + 2k j + 2nj — (kj — Hj)^. These decay modes are important 
for sufficiently hght h/A Higgs bosons. If they are allowed, in particular —>■ AW*, they 
reduce the rz/,- branching ratio considerably, and they overrule cs decays as the second most 
important decay channel of the charged Higgs bosons. 

Summary of the branching ratios. The branching ratios for the standard quark/lepton/gauge 
boson and the cascade decay modes discussed above, are shown for "typical mixing" and two 



representative values tan/? = 1.6 and 50 in Fig.25. Unless otherwise specified the top mass in 



Fig.g^ has been fixed to Mt = 176 GeV. Increasing the top mass shifts the upper end of the b 
and r curves upwards while the cc and gg curves are transferred nearly parallel, a consequence 
of the larger Higgs mass values. The effect of varying = 0.118 ± 0.006 is indicated by the 
hatched bands. The curves labeled bb and cc correspond to all mechanisms generating inclusive 
b, c quarks in the final states, while the curve labeled gg includes gluons and light quarks. 
At tan/3 = 1.6, interesting cascade decays are predicted for moderately small charged Higgs 
masses, —>■ AW* and hW*; they affect the experimental search techniques also in the 
channel by reducing this important decay branching ratio. For large tan j3, bb and r+r^ decays 
are overwhelming except in the decoupling regime near the upper limit of the h mass. 

Predictions for decays of the heavy CP-even Higgs boson H are discussed in great detail in 
Ref.p]. 

Neutralino decays. For h, A Higgs masses up to ~ 120 GeV, there are still windows open for 



decays into pairs of light neutralinos pT] , |115|| . These windows have been left by LEPl and 



they cannot be closed by LEPl. 5 either. The decay channels of interest are 

KA-. xhi (47) 

for small to moderate tan (3. 

Masses and couplings of the states Xi depend on tan/3, the SU2 gaugino mass parameter 
M2, and the Higgs mass parameter fi. [We assume the relation Mi = | tan^ 9wM2 — \M2.] 
For large M2 and small (positive) /i values, the lightest neutralino Xi is predominantly built 
up by the higgsino component while for large values of /i the light Xi state is predominantly 
gaugino-like. The couplings of x? to h and A are given in terms of the neutralino mixing matrix 
Zhy 

= {Z 12 — tan 9]vZ 11) {sin a Z IS + COS a Z 14) 
ka = {Z12 — tan 6w Zii) {—sin [3 Zi'i + cos 13 Zu) 

[see e.g. ||116|| ]. Since Z\xjZ\2 correspond to the gaugino components of Xi while Z13/Z14 
correspond to the higgsino components, the couplings hxiXi ^ind AxiXi can only be non- 
negligible if the state x? incorporates both components at a significant level. Moderate values 
of M2, fi are therefore the favorable domain for LSP decays. The widths for the h, A decays 
into XiXi pairs can be written as 
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Figure 25: Decay branching ratios of the MSSM Higgs bosons h, A, into SM particles and 
cascade decays. The bands characterize the uncertainties in the predictions, except those due to 
the top mass, which are indicated by bars. 
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Figure 26: Branching ratios for h, A decays into pairs of the lightest neutralino for a set of SU2 
gaugino and higgsino mass parameters not excluded by LEPl/1.5. If Xi is the LSP and if R 
parity is unbroken, these decays lead to invisible final states. 
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r(/^-x?x?) = (48) 

nA-^xlxl) = (49) 



These decays of the Higgs particles are invisible if Xi is stable. The Higgs particle h can still 
be observed in the Higgs-strahlung process through the recoiling Z at small to moderate tan jS 
where this production channel is dominant. However, the pseudoscalar Higgs boson A cannot 
be detected if, produced in associated Ah production, both particles decay into invisible XiXi 
channels for small to moderate values of tan (3. 

Since for large tan/3 the bb decays of the h and A Higgs bosons are overwhelming, tan/5 
needs to be small to moderate for Xi decays to be relevant. Typical examples of large branching 
ratios for h, A Higgs decays to LSP pairs are shown in Fig.^ for a set of SU2 gaugino and 
higgsino mass parameters M2 and /i. The LSP masses can be read off the threshold values. 
The branching ratios are large whenever the LSP decay channels are open for /i > 0. For /z < 
the LSP decays play a less prominent role; only in a small window close to ~ — M2/2 are the 
couplings large enough to allow for invisible h and A decays [ p.l5| |. 
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3.3 The Experimental Search for the Neutral Higgs Bosons 



3.3.1 Searches in the Higgs-strahlung Process 

For the e"'"e~ hZ process, as well as for e^e~ HZ when kinematically allowed, all the 
analyses |^ developed for the standard model Higgs boson and presented in Section p.3| can 



be used with no modifications and with a similar efficiency, provided that the Higgs boson 
decays into supersymmetric particles, such as charginos and neutralinos, are not open. As soon 
as the decay into a pair of LSPs (Lightest Supersymmetric Particle) h XX is allowed, it may 
even become dominant therefore rendering the existing analyses ineffective. 

Two new selection algorithms were developed by ALEPH to take care of this particular 
situation where the Higgs boson would decay invisibly, for the following events topologies: 

(i) the acoplanar lepton pair topology, (Z — > e+e^,/i+/i^) (h xx); 
(a) the acoplanar jet topology, (Z qq) (h xx)- 

Only minor modifications to the selection procedure would be needed to extend the validity of 
these analyses to "almost invisible" Higgs boson decays, such as h — x'x or X'^X~ when the 
mass difference between the LSP and the next-to-LSP is small. 



a) Search in the Acoplanar Lepton Pair Topology 



The acoplanar lepton pair topology arises when the Z de- 
cays into a pair of leptons and the Higgs boson h decays 
invisibly into a pair of neutralinos. Events can be selected 
by requiring a high mass e"'"e~ or fj^~^fi~ pair, compati- 
ble with the Z hypothesis and with large missing energy 
and missing mass. Events from e"'"e~ —>■ {'-/), Ze"'"e~ 
or 77 —>■ are characterized by a large missing mo- 

mentum along the beam direction and a small acopla- 
narity angle, and can therefore easily be rejected. The 
only irreducible background sources are e"'"e~ WW — > 



eueu, /ii//iz/, e"^e 
extent e"'"e~ — > Zuu. 



>ZZ e~^e uu, jj,'^ fj, vv^ and to a lesser 



X 



X 




An efficiency of 45 to 50% was achieved independently of mh. The lepton momenta were 
subsequently fitted to the Z mass hypothesis, and the missing mass calculated from the energy- 
momentum conservation as recoiling against the lepton pair, with a typical resolution of 
2 GeV/c^. Shown in Fig.^ are the mass distributions obtained with 500 pb~^ at 175 and 
192 GeV, for several Higgs boson masses. At 192 GeV, and for mh = 90 GeV/c^, the numbers 
of signal and background events expected in a window of ±2(j around the reconstructed Higgs 
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boson mass are 6.2 and 6.1 respectively, assuming a 100% branching fraction into invisible final 
states. 



b) Search in the Acoplanar Jet Topology 



X 



X 




q q 



In order to add to the numbers of signal events expected from 
the acoplanar lepton pair topology, the hadronic decays of the 
Z were also investigated. A very similar selection procedure as 
in Section p.3.1| a) was developed, in which the two hadronic jets 
played the role of the leptons. A similar selection efficiency was 
achieved, but with a much higher background from e"'"e~ —>■ WW 
and {e)i>W in particular, due to the much worse jet-jet invariant 
mass resolution. A b-tagging requirement may or may not be 
applied to reduce the background (at the expense of a 80% loss 
of efficiency), with almost no consequences on the minimum 
luminosity needed for the discovery or the exclusion. 



Shown in Fig.^ are the mass distributions obtained in the same configurations as in Fig.p7|, 
when a tight b-tagging criterion is applied. At 192 GeV, and for = 90 GeV/c^, the num- 
bers of signal and background events expected are 7.7 and 4.9 respectively, assuming a 100% 
branching fraction into invisible final states. 



3.3.2 Search in Associated Pair-production e+e Ah 

The e+e^ hA associated production leads to two main final states, bbbb in 83% of the cases 
and r+r^qq in 16% of the cases, if supersymmetric decays are absent. 



a) The bbbb Topology 

This four-jet final state is similar to the four-jet topology arising from the Higgs-strahlung 
process, and a similar selection procedure can therefore be applied. Here, the Z mass constraint 
cannot be used, and the requirement of incompatibility with a WW final state must be removed 
to retain a sizeable efficiency for the case mh = itla ~ 80 GeV/c^. However, since the b-quark 
content is much higher in this four-b-jet topology than in the Higgs-strahlung process, a much 
tighter b-tagging criterion can be applied. In terms of background rejection, this may even 
over-compensate the removal of the two previous requirements while keeping a high efficiency, 
varying between 10 and 35%. 

The four-jet energies and directions can then be fitted to satisfy the total energy-momentum 
conservation constraint in order to achieve a good mass resolution. Shown in Fig.p9|a are the 
distributions of the sum of the fitted m-h and ttia values as obtained in the ALEPH detector with 
an integrated luminosity of 500 pb~^ at 175 GeV, for tan/9 = 10 and ttia = 65 and 75 GeV/c^. 
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Figure 27: Distribution of the missing mass recoiling against the e^ e~ or /i^yU^ pair, in the 
acoplanar lepton pair topology, as obtained from the ALEPH simulation at 175 GeV (left) 
and 192 GeV (right), with an integrated luminosity of 500 pb~^ . The signal (in white) is 
shown on top of the background (shaded histogram), with Higgs boson masses of 60 (dashed), 
70 (dotted) and 80 (dash- dotted) GeV/c^ at 175 GeV, and 70 (dashed), 80 (dotted) and 90 
(dash-dotted) GeV/c^ at 192 GeV. 
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Figure 28: Same as in Fig^% for the acoplanar jet topology, after a tight b-tagging (optional) 
requirement is applied. 
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The same distributions as seen by OPAL are shown in Fig.p9|b with 500 pb^^ taken at 192 GeV, 
for mh = = 70 GeV/c^. Since for large tan/5 values the h and A masses are expected to be 
close to each other, the mass resolution is expected to improve by imposing this mass equality 
in the fit procedure. This was done by DELPHI for m-h = mp^ = 79 GeV/c^ at 192 GeV, and 
the result is shown in Fig.^Oja for an integrated luminosity of 300 pb^^. Finally, the distribution 
of mh vs niA that would be obtained in L3 in the mass configuration (60 GeV/c^, 80 GeV/c^) if 
the signal cross-section amounted to 0.5 pb is shown in Fig.pO|b at 190 GeV, for an integrated 
luminosity of 1 fb~^. 
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Figure 29: Mass distributions obtained in the hA bbbb topology, (a) rrih + TnA from ALEPH 
(175 GeV, 500 pb'^); and (b) + from OPAL (192 GeV, 500 pb'^). 



b) The r+r bb Topology 

For this topology, the same analysis as for the Higgs-strahlung process was used by ALEPH and 
DELPHI (with the exception that the very last fit intended to improve the t^t~ and hadronic 
mass resolution with the mz constraint does not apply). The background level is already very 
low, except when mh and mp^ are close to mz in which case the ZZ background can be reduced 
by tagging b-quarks. In this configuration, however, the signal is expected to have a very low 
cross-section except at the highest possible center-of-mass energy, a/s = 205 GeV. Altogether, 
when added to the preceding one, this analysis increases the selection efficiency of the hA 
channel by about 20%. 



c) The Case h or A ^ XX 

If either h or A decays predominantly into xX? the relevant topology becomes that of an 
acoplanar jet pair, as already described in Section |3.3.1| b). However, the pair of jets is actually 
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Figure 30: Mass distribution obtained in the hA —>■ bbbb topology, (a) itly, = m\ from DELPHI 
(192 GeV, 300 pb~^); and (b) mh vs tua from L3, assuming a signal-cross-section of 0.5 pb 
(190 GeV, 1 fb-^). 



a pair of b-quarks in that case, therefore improving the selection efficiency of a b-tagging 
criterion with respect to the e"'"e~ hZ configuration. 

In the unfortunate situation where both h and A predominantly decay into a pair of LSPs, 
the resulting final state becomes totally invisible and cannot be found at LEP2. However, in 
that case, there is a fair chance to discover the lightest supersymmetric particle via a direct 
neutralino search. 



3.4 Discovery and Exclusion Limits 

Using the definitions of Appendix ^.3| , a minimum signal cross-section was inferred for the 
e"'"e~ — >■ hA process from the expected number of background events, both for the discovery 
and the exclusion. Since the background mass distribution is mostly uniform over the {mh,mA_) 
plane, it turns out that this minimum signal cross-section does not depend on mh and rriA- For 
instance, at 192 GeV and with an integrated luminosity of 150 pb~^, a cross-section in excess 
of 65 (30) fb can be discovered (excluded) in the e"'"e~ — *• hA channel when supersymmetric 
decays are closed. 

For the Higgs-strahlung process, the total cross-section is reduced with respect to the stan- 
dard model expectation by a factor denoted sin^(/5 — a) in the MSSM. The number of events 
expected is also directly affected by the branching ratio of the h decay into bb. For each m^, 
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a minimum value for = sin^(/3 — a) x BR{h bb) was inferred for the discovery and the 
exclusion. The result, which is mo del- independent, is shown in Fig.^ for the three center-of- 
mass energies 175, 192 and 205 GeV, with integrated luminosities of 150, 150 and 300 pb~^, 
respectively The interpretation of the negative searches at LEPl (from Ref.| 117 |) is also 
shown in this plot. 

Since this limit becomes irrelevant when supersymmetric decays are dominant, it is supple- 
mented by the 95% CL. upper limit on = sin^(/5 — a) x BR(h — >■ invisible final states), 
as shown in Fig.|3^.p| At LEP2, this limit is worse by about a factor of two than in the case 
where h predominantly decays into bb, while it was better at LEPl. In order to make easier 
the use of these curves to test other models, such as non-minimal supersymmetric extensions of 
the standard model, the exclusion and discovery limits on R^ = sin^(/5 — a) x BR(h — > bb) are 



presented in Table 15, for the three center-of-mass energies, and when combining the results at 



175 and 192 GeV, on the one hand, and with the 205 GeV results in addition, on the other. 

To interpret these results in the MSSM framework, both the e^e~ hA cross-section and 
the sin^(/3— a) value were computed and compared to the above minimum values in a systematic 
scan of the (mA, tan f3) plane, for Mt = 175 ±25 GeV/c^ and for the three different stop mixing 
configurations, (i) No mixing: At = and |yu| ^ Ms; (ii) Typical mixing: At = Ms and 
fi = —Ms (these values of At and fi give a moderate impact of the stop mixing for large tan (3 
but a mixing effect close to maximal if tan/5 is small); and (in) Maximal mixing: At = ^/6Ms 
and < Ms, with Ms = I TeV. 



The results of the above analysis are summarized in a series of figures (Figs.^ and Q), 
which display the areas in the (mA,tan/9) and (mh,tan/3) planes that can be covered for a 
given energy of LEP2, y/s = 175, 192 and 205 GeV at the integrated luminosities 150, 150 
and 300 pb~^, respectively. The top-quark mass and the stop mixing parameters are varied as 
specified above. The figures are obtained by combining the four LEP experiments. At 175 
GeV, an increase in luminosity beyond 150 pb~^ does not improve the potential of the machine 
for the discovery of the light Higgs boson in any relevant way. The analogous conclusion was 
reached in the standard model case. At y/s= 192 GeV, still 150 pb~^ of integrated luminosity 
per experiment are sufficient to make proper use of the discovery potential of the machine, and 
a larger luminosity of ~ 300 pb~^ gives only a slight improvement in the upper bound on the 
Higgs boson mass which can be discovered or excluded. Although for any center-of-mass energy 
the variation from 150-200 pb~^ to 300-400 pb~^ of integrated luminosity yields a gain of at 
most 2 to 3 GeV/c^ in the maximal Higgs boson mass that can be reached, at a/s = 205 GeV 
the results are presented for 300 pb~^ since for this energy value the increase in luminosity 
translates into a quite impressive coverage of tan /?. 

Comparing the experimental limits for the center-of-mass energies 175 GeV and 192 GeV, 
Fig.^ a/b and c/d, it is clear that the higher energy value allows a remarkably larger part of 
the parameter space to be covered. For Mt = 175 GeV/c^ and in particular for ^/s = 175 GeV, 

^ Since this analysis was done in ALEPH only, it was assumed that the other experiments would contribute 
in the same proportions as for the visible decays to perform the combination. 
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Figure 31: 95% C.L. upper limits on R^, as a function of 171^^ for a visible Higgs boson, for the 
three center- of-mass energies: = sin^(/5 — a) x BR{h any visible final state) for the LEPl 
part of the curve and R^ = sin^(/5 — a) x BR{h bb) for the LEP2 part of the curve. 
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Figure 32: 95% C.L. upper limits on R^ , as a function of rrii^ for an invisible Higgs boson, for 
the three center-of-mass energies: R? = sin^(/? — a) x BR{h — > any invisible final state). 
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Table 15: Minimum value for = sin^(/5 — a) x BR{h bb) at the three center- of-mass 
energies, with integrated luminosities of 150, 150 and 300 pb^^ , respectively, and for various 
Higgs boson masses. Also shown is the combination of the 175 GeV and 192 GeV results, with 
an integrated luminosity of 150 pb~^ taken at each energy, and the overall combination of the 
175, 192 and 205 GeV results, assuming 300 pb~^ at 205 GeV. The combination of several 
center- of-mass energies have not been used in Fig.^^ and\3^. 



= 175 GeV 



mn{GeV/c') 


40 


50 


60 


70 


75 


80 


82 


83 


84 


Exclusion 


0.055 


0.066 


0.085 


0.120 


0.153 


0.252 


0.369 


0.525 


0.842 


Discovery 


0.136 


0.164 


0.207 


0.303 


0.381 


0.620 


0.963 


— 


— 










= 192 


GeV 










mn{GeV/c^) 


40 


50 


60 


70 


80 


90 


95 


97 


98 


Exclusion 


0.057 


0.067 


0.080 


0.103 


0.154 


0.242 


0.316 


0.387 


0.447 


Discovery 


0.142 


0.163 


0.197 


0.249 


0.385 


0.584 


0.781 


— 


— 






Combination 


of 175 


and 192 


GeV 








mn{GeV/c^) 


40 


50 


60 


70 


80 


90 


95 


97 


98 


Exclusion 


0.038 


0.045 


0.056 


0.076 


0.129 


0.242 


0.316 


0.387 


0.447 


Discovery 


0.095 


0.113 


0.139 


0.190 


0.317 


0.584 


0.781 














= 205 


GeV 










mn{GeV/c^) 


60 


70 


80 


90 


100 


105 


110 


111 


112 


Exclusion 


0.109 


0.127 


0.162 


0.196 


0.207 


0.222 


0.315 


0.375 


0.481 


Discovery 


0.270 


0.315 


0.404 


0.490 


0.510 


0.539 


0.785 










Combination of 


■ 175, 192 and 205 GeV 








mn{GeV/c^) 


50 


60 


70 


80 


90 


100 


105 


110 


112 


Exclusion 


0.044 


0.053 


0.068 


0.101 


0.155 


0.207 


0.222 


0.315 


0.481 


Discovery 


0.111 


0.132 


0.168 


0.252 


0.370 


0.510 


0.539 


0.785 





67 



(b) 



10 



r 



- 175 GeV 

L -1 50 pbrl per- experimeni 
rri,^ = 1 75 GeV/c^" 



Mbximai nlixiiig 



95% C,L, exclusion c4intours 
5a p-iscovery contoLiiis _ 




50 100 150 200 250 300 350 400 



10 



r 



■ 



.^s - 175 GeV 

- L -1 50 pbrl per- experimeni 
Typical miiing 



175 ,200 C»V/c* 



95^ C.L exclusion contours 
. . . 5a . . p.I s c a v.e. . . c o jn t OLi ris . 



} 












- 




■ 

■ 

//;' 


Ill 
iliii::: 


i!!!! 






■llli 









50 



100 150 200 250 300 350 400 

m, (GeV/c^) 

Figure 33: Exclusion and discovery limits in the [mA,tan/?] plane for each of the center- of-mass 
energies, varying the values of the stop mixing parameters as specified in the text (a, c and e) 
and varying the values of Mt^ 150, 175, 200 GeV/c^ for A ^ -fx ^ Ms ^ 1 TeV (b, d and f). 
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Figure 34: Exclusion and discovery limits in the [m^,tan (3] plane, for Mt = 175 GeV and 
A = —fi = Ms = 1 TeV for each of the center- of-mass energies. The dark shaded areas are 
excluded theoretically. 
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the potential of LEP2 is rather hmited at large tua, while for 192 GeV it is possible to cover the 
moderate and large rriA for small tan (3, tan /3 < 2 — 3 (which is a difficult region for LHC). This 
is especially obvious if non-negligible mixing in the stop sector is considered. For large values of 
rriA, the limit of the standard model Higgs boson is approached (light gaugino channels are not 
considered to be open) and the lightest CP-even Higgs boson acquires its maximal value. Since 
the maximal value of mh increases with tan /?, the range in tan f3 covered by LEP2 directly 
reflects the range of standard model Higgs boson masses accessible to the experiments. 

It is interesting to compare the upper limits on mh which can be reached experimentally, 



Table |T6| and Fig.|3J, with the maximal h masses expected in the MSSM. In particular, if the 
experimental limits are compared to the h mass range preferred by gauge and b-r Yukawa 
coupling unification, for Mt ~ 175 GeV/c^ it can be seen that a large part of the SUSY Higgs 
mass range is covered in the 192 GeV version of LEP2, in contrast to the lower energy of 
175 GeV. In fact, the infrared fixed point solution can be excluded at the 95 % C. L. at y/s = 
192 GeV if Mt < 175 GeV/c^ (For Mt ~ 185 GeV/c^ the infrared fixed point solution can be 
excluded only at ^/s =205 GeV.) 



3.5 MSSM vs. SM 



No precise experimental analyses have yet been developed to cope with the situation in which 
a Higgs boson would be discovered and thus would need to be studied in detail. This can be 
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Table 16: Maximal mh (hZ and hA combined) and uia (hA only), in GeV/c^, that can be 
directly discovered and excluded in the MSSM for Mt = 175 GeV/c"^ and typical mixing at 
various LEP2 energies for two representative values o/tan/5 (* These values of are already 
excluded theoretically in the MSSM for typical mixing, Ms = 1 TeV and for the values of Mt 
and tan (3 considered here). 
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partly explained by the relatively low luminosity currently expected at LEP2 which will not 
allow any accurate measurements to be performed in this field. It could however be imagined 
that if a new particle were discovered, a substantial extension of the LEP2 project could be 
decided upon with the purpose of identifying this particle. 

The angular distribution of the Higgs boson produced in the Higgs-strahlung process is 
expected to be quite uniform at the LEP2 center-of-mass energies, and so is the angular dis- 
tribution of the decay products in the Higgs boson rest frame. Even in the most difficult case 
mh ~ mz, the numbers of events collected by the four experiments with 1 fb~ taken at 192 GeV 
(323 events from the signal and 255 from the backgrounds, see Table ^ suffice to exhibit the 
flatness of these distributions, and to characterize unambiguously a = 0^ particle. 

Such an excess of events after a b-tagging requirement is also sufficient to claim that this 
object often decays into bb, which also characterizes a Higgs particle. However, a precise 
measurement of the bb branching fraction can only be done with a channel in which the 
evidence for a signal can be claimed without b-tagging, i.e. the B.i~^i~ topology. This situation 
is particularly favourable if the Higgs boson mass is not degenerate with the Z mass, in which 
case the background is much reduced thanks to the excellent recoil mass resolution. 

For instance, the cross-section for a 80 GeV/c^ Higgs boson at i/i = 192 GeV in the H£+£~ 
topology is 47 fb (after selection cuts, but with no b-tagging requirement), to be compared to 
14 fb for the background. This already allows a measurement of the bb branching fraction (if 
close to 100%) with a ~ 20% statistical accuracy, if a luminosity of 1 fb~^ is given to each 
experiment. Similarly, the quantity a{e'^e~ — >-hZ) x BR{h — > bb) can be determined with the 
same luminosity from the events collected in all the topologies with a statistical accuracy of 
- 5% (resp. 10%) for a 80 GeV/c2(resp. 90 GeV/c^) Higgs boson. 

Unfortunately, even if the systematics uncertainties were negligible {e.g. the errors related 
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to the b-tagging efficiency determination) this is not sufficient to distinguish the standard 
model and the MSSM in the region where only the Higgs-strahlung process plays a role. In 
this region, a statistical accuracy better than 1 or 2% is indeed required [p.l8|] to achieve this 
goal. The extension of the standard model would be manifested in this parameter range only 
if non-standard Higgs boson decays were observed. It is otherwise only in the region where the 
e"'"e~ — > hA process or, less likely, charged Higgs bosons (see Section p.6|) can be discovered, 
that this distinction is possible at LEP2. 



3.6 Search for Charged Higgs Bosons 

In the MSSM the mass of the charged Higgs bosons H^ is expected to be larger than m-w- In 
general, for non-extreme stop mixing configuration, it is of the order of ^h*^ = "^A^ + '^w^, 
i.e. larger than ~ 90 GeV/c^ within a few GeV/c^, rendering rather difficult the discovery of 
such heavy objects at LEP2. However, this does not hold necessarily in other, e.g. non-minimal 
supersymmetric extensions of the Standard Model where light charged Higgs bosons - although 
heavier than 44 GeV/c^ as shown by LEPl data - cannot be ruled out. Their discovery would 
unambiguously signal the existence of an extended Higgs sector. 



3.6.1 Production and Decays 



Charged Higgs bosons are produced in pairs in the process e"'"e~ H'''H~ with a rate depending 
only on mf^± in the general two-doublet model. About 100 such events are expected to be 
produced with an integrated luminosity of 500 pb~^ for mjj± ~ 70 GeV/c^, irrespective of the 
center-of-mass energy from 175 to 205 GeV, and this rate decreases rapidly with increasing 
mass due to the kinematic suppression factor. 



Furthermore, if it is assumed that the cascade decay modes like H — > W h are 
kinematically suppressed, the charged Higgs bosons are expected to decay predominantly into 
the heaviest kinematically accessible fermion pair provided it is not suppressed by a small CKM 
matrix element, i.e. H"*" r'^Ur or cs. Therefore the expected final states are T^VrT^Vr-, csT~Ur 
and cscs, thus leading to an important irreducible background from e"'"e~ — > W'''W~ in addition 
to the low expected signal rate. This renders almost hopeless the discovery of charged Higgs 
bosons with mass around and above the W mass. 



Searches for these final states have been developed by L3 | ]119[ and DELPHI [Q], using full 



detector simulation of signal and background processes for an integrated luminosity of 500 pb ^. 
A search for the four-jet final state cscs has so far been developed by L3. 



a) The e+e H^H cscs Channel 

The process e"'"e~ —>■ H^H^ cscs leads to four-jet hadronic events. In order to distinguish a 
Higgs signal from the main background of e+e~ —>■ qq and W^W~, use is made of the different 
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topological properties. The simulated hadronic energy deposits are clustered into four jets. 
For example at ^/s = 175 GeV, for 60 and 70 GeV/c^ Higgs signals, 75% and 69% selection 
efficiencies are expected respectively. The numbers of expected background events are: 3140 
qq, 4664 WW, and 90 ZZ for 500 pb'^ 

The four jets can be combined into two jet-pairs in three possible ways, and their ener- 
gies and directions are fitted to the energy-momentum conservation and to the = mjj- 
constraint. The combination with the smallest is chosen, provided that the measured mass 
difference between the two jet-pairs is smaller than 5 GeV/c^, and a mass resolution of about 
1 GeV/c^ is achieved. Unlike the hA bbbb channel, no b-tagging requirement can be ap- 
plied to reject the WW four-jet background, but the signal-to-noise ratio is improved by 
removing events where one jet pair combination is consistent with a W pair, at the expense of 
a suppression of the signal efficiency when m^± ~ mw 

For mjj± ~ 60 GeV/c^, the expected signal efficiency is about 7% and the number of 
background events is about 2 qq and 3 WW events, for an integrated luminosity of 500 pb~^ 
at = 175 GeV. 

b) The e+e — > H^H csr z/^- Channel 

The signature of an e^e~ — > H^H~ — > csr^Ur signal is one isolated slim jet with missing energy 
coming from the r decay recoiling against a hadronic system. In the DELPHI analysis, a 
preselection of hadronic final states is performed, and the events are clustered into three jets. 
The lowest multiplicity jet, i.e. the r candidate, is required to have at most three charged 
particle tracks. Further cuts on the mass and on the angle between the two most energetic 
jets are applied to reject events without a clear 3-jet topology. A kinematic fit of the neutrino 
direction and the r momentum (four unknowns) is performed by constraining the tu and cs 
systems to have the same invariant mass and the total energy-momentum to be conserved (five 
equations). A cut is applied to improve the signal-to-noise ratio. This retains from 16% to 
29% of the signal events, depending on the mass and approximately 38 background events 
remain for 500 pb~^ at 175 GeV. 

In the L3 analysis, the kinematic fit is replaced by the following approximate method: 

(i) the missing momentum, Pmiss, the missing energy, -Emiss, and the invariant mass of the 
two most energetic jets, Mcs, are calculated. In order to improve the mass resolution, this 
mass is rescaled by the factor i?beam/(-E'jeti + -E'jet2); 

(ii) for the other hemisphere, the invariant mass M^^, = (i^rniss + -E'r)^ — (pmiss + PrY is 
calculated, where Pr is the visible r momentum. 

The reconstructed masses of Mcs and M^^ are shown in Fig.^ Cuts as given in the figure are 
applied. The expected signal efficiencies are about 5.6% and about 2 WW background events 
are expected for 500 pb~^ at 175 GeV. 
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Figure 35: Left: Schematic reconstruction of both invariant masses M^s and M^y in the cstu 
channel. For details see text. Right: Reconstructed invariant masses of M^s and M^-^, in the L3 
analysis for a 60 GeV/(? Higgs signal and background events in the csru channel for 500 pb~^ 
at 175 GeV. 

c) The e+e" H^H~ — > t^VtT'Ut Channel 

The e+e~ H^H^ r+z/^r~z/^ events are characterized by a low particle multiplicity and 
large missing energy. The background processes e"'"e~ — > T+r~(7), qq, WW and 77 — > ff are 
relevant in this channel. 

After applying selection criteria based on the acoplanarity, the total energy and the event 
thrust axis angle, the main remaining background comes from leptonic WW decays. Unlike 
the two other channels, a reconstruction of the Higgs boson masses is not possible because of 
too many unknowns due to the numerous missing energy sources. However, the energies of the 
decay products of the two taus can be measured, and part of the W decays into e^e and iiv^ 
can be removed by a cut on these two energies, which are expected to be larger in that case 
than for tu-j- final states due to the additional neutrinos from the r decay. 

The expected signal efficiencies are about 12% and about 1 WW background event is ex- 
pected in the L3 analysis for 500 pb~^ at 175 GeV. For DELPHI, a 23% signal efficiency is 
achieved, for a total of 85 background events expected. 



3.6.2 Results 



In the framework of a general two Higgs doublet model, the results of this analysis can be 
expressed as a function of Br(H'^ — > T^Vr) (if it is assumed that off-shell decay modes are 
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H mass (GeV) 



Figure 36: 3a sensitivity regions as a function of the charged Higgs boson mass and its leptonic 
branching ratio at 175 GeV and for a total luminosity of 100, 200, and 500 pb~^ . The upper 
solid lines indicate the sensitivity limits from the tutu channel, the dashed lines come from the 
csTu channel, and the lower solid lines come from the cscs channel. (For simplicity, combined 
contour lines in overlapping sensitivity regions are not shown.) 



suppressed) and of m-^±. Combining the studies in the cscs, csT~Ur, and T~^UrT~Ur channels 
described in the previous sections, the regions which can be explored with ^/s = 175 GeV are 
shown in Fig.^ for luminosities of 100, 200, and 500 pb~^ taken by one experiment. (These 



numbers would be roughly divided by four if the four LEP experiments were combined.) 

Except for branching ratios into tu^ near or 1, all three channels contribute simultaneously 
which extends the sensitivity range by few GeV/c^. Charged Higgs bosons with masses up to 
about 70 GeV/c^ should be detectable independently of their decay branching ratios assuming 
a total luminosity of 500 pb^^ at 175 GeV. The region where a 99.73% CL (3cr) effect due 
to H^H~ production can be detected is strongly dependent on the assumed luminosity. The 
boundary lines also depend strongly on the detection sensitivities due to the small change of 
the charged Higgs boson production cross-section with different m-^±. The expected variations 
of the number of background events for different Higgs masses is taken into account in the 
figure. The effect of increasing the center-of-mass energy to about 200 GeV is small since only 
a small change of the production cross section is expected. 

The background at LEP2 from WW production with identical decay modes as for the 



77 



charged Higgs bosons can be controlled. Irreducible background only occurs if m^± ~ mw- 
For leptonically decaying Higgs bosons, masses can however be explored up to about mw due 
to the small branching fraction of the W boson into rUr- 

To summarize, LEP2 has a good potential for a charged Higgs boson discovery already in 
its first phase at 175 GeV [well beyond the current mass limit of LEPl of 44 GeV/c^] as soon 
as a sufficient luminosity of about 200 pb~^ is collected. Even with an increase of the machine 
energy to around 200 GeV, it is extremely difficult to explore the kinematic region around 
and above mw because of the large irreducible background from WW production and the low 
production cross section. 



3.7 Complementarity between LEP2 and LHC 

As with the SM Higgs boson, it is an important task to compare the Higgs discovery potential of 
LEP2 with the potential of LHC for the minimal super symmetric standard model MSSM ||120| . 



The comparison will be based again on the LEP energy ^/s = 192 GeV with an integrated 
luminosity of /£ = 150 pb~^ per experiment [yet all four experiments combined] and the 
presumably ultimate integrated luminosity /£ = 3 x 10^ pb~^ of LHC, with the results from 
ATLAS and CMS combined. 

The lightest of the neutral scalar Higgs bosons h can be produced at the LHC in gluon- 
gluon fusion ||56|, |7^, and through Higgs-strahlung off W bosons |7^ and top quarks ||121|| . 



This Higgs particle will be searched for in the 77 and bb decay channels. Tagging leptonic W/Z 
and t decays provides an experimental trigger for the bb search, but also reduces considerably 
the huge backgrounds from non-6 jets. The area of the [m^, tan/5] parameter plane in which 
the light scalar Higgs boson h can be discovered in this way at the LHC is shown in Fig.R^ by 



the shaded regions ||122|| . The boundary of the LEP2 discovery range is indicated by the full 
line. No method has yet been found which allows the discovery of h in the parameter range of 
large tan/5 > 5 and m^ between ~ 90 and ~ 170 GeV at either of the two machines. 

While the area in which the pseudoscalar Higgs boson A can be discovered at LEP is 
rather modest, a large domain is accessible at LHC, Fig.|38|. A clean signal of A comes from 
r+r^ decays; in addition, cascade decays A Zh with subsequent leptonic Z decays provide 
promising search channels. The search for A in ti decays requires the theoretical control of 
the top background production at a level between 10 and 2% which is an extremely difficult 
problem. A similar picture applies to the search for the heavy scalar Higgs particle H at the 
LHC, cf. Fig.^. In particular, the classical four-lepton decay of H via ZZ intermediate states 
can be exploited. At LEP2 the heavy Higgs H might be produced only in a small region of the 
MSSM parameter range. The search for charged MSSM Higgs particles is frustrated in either 
machine. While the LEP2 energy is not sufficient to produce these particles pairwise outside 
a tiny domain of the MSSM parameter space, the search technique at the LHC is restricted so 
far to t — > bH'^ decays with a rather limited range in the charged Higgs mass. 
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Figure 37: The regions in the [rriA, tan (3] parameter space in which the lightest CP-even Higgs 
boson h can be covered at LEP2 (Higgs-strahlung and associated production for 150 ph~^ at 
= 192 GeV) and at LHC (77 decay channel in direct production and associated Wh,tih 



production for 3 x 10'^pb~^ and 3 x lO^pb^^, bb decay channel in associated Wh,tth production 
for 3 X W^pb'^ , and H ^ hh blrff decay channel for 3 x lO^pb'^). Parameters: Mt = 175 
GeV, A = 0, <^ Ms = 1 TeV, but the masses of all supersymmetric particles are set to 
1 TeV. (Courtesy of D. Froidevaux and E. Richter-Was) 



The predictions for the LHC have to be considered with some caution. The computation 
of the Higgs spectrum and couphngs have been treated in analogy to the LEP2 simulations; 
however, the masses of all SUSY particles have been assumed heavy. Since the couplings in 
the gg fusion cross sections as well as in the 77 branching ratios for h decays are generated 
by loops, this channel could be affected strongly by light charginos and stop particles ||123| . 
Depending on the point considered in the SUSY parameter space, the variation of axBR through 
SUSY-loop effects can go either way, enhancing or spoiling the Higgs signal. The problem of 
SUSY loop corrections is much less severe in search channels which are based on reactions 
realized already at the Born level, as Wh at the LHC, and all the search channels in e+e~ 
collisions. A problem of pp collisions are the QCD corrections. They are known for the signal 
in gg fusion [0, but not for all background processes; the assumption that significances are 
estimated in a conservative way by setting K factors to unity is expected to be fulfilled in large 
parts of the SUSY parameter space, but this is not guaranteed yet for large tan/?. Moreover, 
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Figure 38: The regions in the [itla, tan j3] parameter space which can be covered at LHC in 
all possible channels associated with the heavy scalar, the pseudoscalar and the charged Higgs 
bosons (parameters as in previous figure). (Courtesy of D. Froidevaux and E. Richter-Was) 



if the Higgs bosons do not only decay to SM particles but instead to invisible LSP and other 
neutralino/chargino states with potentially large branching ratios |115|| , the analysis must 



be modified and the conclusions would eventually be altered rather dramatically. 

Combining the discovery potentials of LEP2 at yfs = 192 GeV and of LHC by summing up 
all Higgs production channels, the entire [m^, tan/3] parameter plane of the MSSM is predicted 
to be covered within the standard framework of non-SUSY Higgs decays [based on the param- 
eter set Mt = 175 GeV, Ms = I TeV and < Ms]. The discovery potential of LEP (LHC) 
in the search for h increases for smaller (larger) values of Mt, A, /i and Ms which are associated 
with smaller (larger) values of mh- In the region of values less than about 150 GeV, the 
search for h can be performed by LEP2 while the other heavy Higgs particles, H, A and H^, 
can be searched for at the LHC. As discussed before, the observation of at least two different 
Higgs states, at LEP2 or LHC, is a crucial step in disentangling the supersymmetric theory 
from the Standard Model. Moreover, the channels exploited in the search for h are different 
at LEP2 and LHC. This implies that the couplings involved will be different and hence the 
physics tested in both cases will be complementary. 
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4 Non— Minimal Extensions 



4.1 The Next— to— Minimal Supersymmetric Standard Model 

In this section we shall augment the MSSM by introducing a single gauge singlet superfield N 



leading to a model which is referred to as the NMSSM[124 



The classic motivation for singlets is that they can solve the so-called /i-problem of the 
MSSM [|125|] by eliminating the /x-term and replacing its effect by the vacuum expectation 
value (vev) < >= x, which may be naturally related to the usual Higgs vev's < Hi >= Vi. 
However such models in which the superpotential contains only trilinear terms, possess a TL^ 
symmetry which is spontaneously broken at the electroweak breaking scale. This results in 
cosmologically stable domain walls [|126|| which make the energy density of the universe too large. 
This cosmological catastrophe can be avoided by allowing explicit and non-renormalizable TL^ 
breaking terms suppressed by powers of the Planck mass which will ultimately dominate the 
wall evolution ||127|| without affecting the phenomenology of the model. However such terms 



induce a destabilisation of the gauge hierarchy ||128|| due to tadpole contributions to the N mass 



in supergravity models with supersymmetry breaking in the hidden sector. 

Where does all this leave the NMSSM? This depends on one's point of view. If there might 
be some [yet unknown] solution to the domain wall problem, then one can consider models with 
Zia symmetry which is broken spontaneously. Another approach is to avoid the domain wall 
problem by considering more general NMSSM models without a 7L^ symmetry. Note that 7L^ 
violating terms, such as a /x term, large enough to avoid the domain wall problem, can still be 
sufficiently small as to have no impact on collider phenomenology. These more general models 
allow arbitrary renormalizable mass terms in the superpotential including the /z parameter, and 
linear and quadratic terms in A^. The question of Planck scale tadpole contributions arises in 
this case. However, such contributions depend on supersymmetry breaking in a hidden sector 
of a supergravity theory, and are hence model dependent. 

According to this discussion we shall consider two quite different versions of the NMSSM: 

(i) The "General NMSSM" is defined by the following superpotential: 

W = -12H1H2 + XNH1H2 - -A^^ + -fi'N^ + fi"N + ... (50) 

3 2 

This version of the model is essentially a generalization of the MSSM, and provides a more gen- 
eral realization of low-energy SUSY which is equally consistent with gauge coupling unification 
and high precision measurements. It reduces to the MSSM in the limit in which the N field is 
removed, and since it does not have a symmetry there is no domain wall problem. 



(ii) The "Constrained NMSSM" is defined by the trilinear terms in eq.(^), i.e. /x = /i' = /i" = 0, 
plus the constraints of gauge coupling unification and universal soft SUSY-breaking parameters 



imposed at the unification scale Mqut ~ 10 GeV ||129|, |13CI| . 
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4.1.1 The General NMSSM 



a) Masses and Couplings 

The superfield contains a singlet Majorana fermion, plus a singlet complex scalar. The real 
part of the complex scalar will be assumed to develop a vacuum expectation value. The singlet 
yields one additional CP-even state and one additional CP-odd state which are gauge singlets 
but can mix with the corresponding neutral Higgs states of the MSSM, leading to three CP- 
even Higgs bosons /ii,/i2,/i3 and two CP-odd Higgs bosons Ai,A2. Although there are more 
neutral Higgs bosons than in the MSSM, they will have diluted couplings due to their singlet 
components, making their production cross-sections smaller. 

The tree-level CP-odd mass matrix, after rotating away the Goldstone mode as usual, 
reduces to the 2x2 matrix in the basis {A, N) where A is the MSSM CP-odd field. 



m 



2 



Mi=(^";^ ■ j (51) 

The entries represented by dots are complicated singlet terms. Unlike the MSSM, the parameter 
m\ here is not a mass eigenvalue due to singlet mixing. The CP-odd matrix is diagonalized by 
rotating through an angle 7, leading to two CP-odd eigenstates Ai, A2 of mass < m^j. 

The tree-level CP-even mass squared matrix in the basis [Hi, H2, N) is 



I m| cos^ /? sin^ /? — (m| + — 2A^t;^) sin/Jcos/? 

— (m| + — 2A^t;^) sin/?cos/? m| sin^ /5 + cos^ /? . | (52) 

V 



where, as usual, v = 174 GeV, tan/5 = V2/V1] again the dots correspond to singlet terms. 
Apart from the terms involving A, the upper 2x2 block of this matrix is identical to the MSSM 
CP-even matrix. However, whereas the MSSM matrix is diagonalized by rotation through a 
single angle a, the matrix in eq.|S^ is diagonalized by a 3x3 unitary matrix V, leading to three 
mass eigenstates hi,h2, with masses ordered as m/j^ < < ruh^. 

The singlets obviously cannot mix with charged scalars, and at tree-level the mass of the 
charged Higgs is 

mjj± = m\ + - X^v"^ (53) 

Clearly a non-zero A tends to reduce the charged scalar masses which can now be arbitrarily 
small, and - in contrast to the MSSM - helow the W mass. 

We shall define the relative couplings Ri = Rzzhi as the ZZhi coupling in units of the 
standard model ZZH coupling, and similarly we shall define a ZhiAj coupling factor Rzh.Ay 
For example Rzzhi is a generalization of sm{(3 — a) and the RzhiAi are generalizations of 
cos(/5 — a) in the MSSM. The ZhiAj coupling factorises into a CP-even factor Si and a CP-odd 
factor which depends only on the angle 7 which controls singlet mixing in the CP-odd sector. 
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It can be shown that the CP-even Higgs bosons in this model respect the following relations 



131, 132, 133 



ml < = m| cos^ 2(3 + X^v"^ sin^ 2/5 



l-Ri 



In the case A = 0, A is equal to the lightest CP-even upper mass bound in the MSSM. The 
above results show that if i?i ^ we may simply ignore h\ and concentrate on which then 
becomes the lightest physically coupled CP-even state and must satisfy < A^. Similarly if 
both i?i and are nearly zero, then m^^ = A^. 

It can also be shown that 

2^2 

„ m?A — m'i cos^ 7 , , 

1 — cos"' 7 

If the lighter CP-odd state is weakly coupled (cos 7 ~ 0) then it is mainly singlet, and the 
heavier CP-odd state is then identified with the MSSM state of mass m^- 



b) Theoretical Upper Limit on A 

According to eq.(0), A is clearly a function of tan/5 and A, and to find the absolute upper 
bound on the mass of the lightest CP-even Higgs boson we must maximize this function (Amax)- 



Radiative corrections, which drastically affect the bound ||134|| , are included using recently 
proposed methods |p9| . 



For a fixed tan (3, the maximum value of A is given by the maximum value of A as derived 
from the triviality requirement that none of the Yukawa couplings becomes non-perturbative 
before the GUT scale of around 10^^ GeV. Using the recently calculated two-loop RGBs ||13CI|| , 



we find an upper limit on A as a function of tan/5. The maximum value of A is typically in 
the range 0.6-0.7 for a wide range of tan/5, depending on Mj and a^i^mz), and falls off to 
zero for tan/5 — >^fal.5 or 60 because ht or hb, respectively, is very close to triviality. Having 
derived the maximum value of A as a function of tan/5, we can use this information to obtain 
an Mj-dependent maximum value of A shown as the upper solid curve in Fig.^. The MSSM 
bound is also shown (lower solid curve) for comparison. The dashed line is the corresponding 
upper mass bound in the constrained NMSSM (see later). 

As well as being the upper bound on the mass of the lightest CP-even Higgs boson, the 
parameter A plays an important role in constraining all the CP-even Higgs boson masses and 



couplings. Thus the value of A^ax, corresponding to the upper solid line in Fig.^, also con- 
strains /i2 and hs according to eq.( 
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Figure 39: Theoretical upper bound on the mass of the lightest CP-even Higgs boson as a 
function of Mt. We have used a^{mz) = 0.12, a mean squark mass of 1 TeV, and varied 
At and tan 13 in such a way as to maximize the upper bound. The upper solid line is for the 
NMSSM and the lower solid line is for the MSSM. As Mt becomes very large the two bounds 
become very close, since here ht is always close to triviality and hence A must be small. The 
dashed line refers to the constrained NMSSM. 



c) Experimental Lower Limits on A 

A has a theoretical upper limit given by A^ax ~ 146 GeV. Now we shall discuss how experiment 
may place a lower limit on A which we shall refer to as hmin- The meaning of A^m is as follows. 
For each value of A there are many possible sets of parameters m/j.) subject to the bounds 
in eg. . Each of the three (CP-even) Higgs bosons in each set may or may not be discovered 
at LEP, depending on how light it is and how strongly coupled to the Z it is. We can consider 
the present E? — 95% exclusion plots at LEP ||119|| and classify each of the three Higgs 
bosons in each set (for a fixed A) as excluded or not excluded. We may find, for some value of 
A, that for all the allowed sets at least one out of the three Higgs bosons is always excluded. 
In this case we classify this value of A as being excluded by experiment. We now define A^m 
as the largest value of A which may be excluded by the LEP data. There will be a different 
Amin for each of the expected LEP2 — rrih 95% exclusion plots (see Fig. ^ and Table |TBp. 
If Amin exceeds Amax then the model is excluded. 

Amin is approximately determined by the "worst case" of all three CP-even Higgs bosons 
having equal masses rrih. ^ A, and equal couplings Ri^ ~ 1/3. Using this simple approxima- 
tion, together with current R^ — exclusion limits ||119|| , LEPl already places a limit on A of 



A > Amin = 59 GeV, which is just equal to the mass limit for a CP-even Higgs boson with its 



•^This approximate result is exact in the limit that 95% exclusion is equated to 50 produced events. 
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ZZh coupling suppressed by i?^ = 1/3. 



The values of A^m which may be excluded by a future e^e~ collider of a given energy and 
integrated luminosity [note that this is total luminosity of all four experiments pooled] are 
shown in Fig.HO where exclusion is approximately equated to 50 produced events. 
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Figure 40: Excluded values of A at e^e^ colliders with energy y/s. 



Focusing specifically on LEP2, we consider energies and integrated luminosities per ex- 
periment of = 175, 192, 205 GeV and / £= 150, 150, 300 ph~^, respectively. Using 



the — nih 95% exclusion plots ||135|| , we find that LEP2 will yield the exclusion limits 
Amm = 81,93,105 GeV respectively, for the three sets of LEP2 machine parameters above. 
These excluded values of A (corresponding to R"^ = 1/3) are not far from the values of SM 
Higgs boson masses which may be excluded, due to the steep rise of the exclusion curves in the 
R^ — ruh plane. 



d) Exclusion Limits in the rriA — tan (3 Plane 

It is possible to obtain exclusion limits in this model in the niA — tan (5 plane, rather similar to 
the familiar MSSM plots. The excluded regions are obtained from the following three searches: 

(i) For the processes Z Zhi, we exploit the fact that the upper 2x2 block of the CP-even 
mass squared matrix is completely specified (for fixed A) in the m^-tan/3 plane. However, 
unlike the MSSM, the CP-even spectrum is not completely specified since it depends on three 



remaining unknown real parameters associated with singlet mixing (i.e. the dots in eq. (|5^) ). 
Nevertheless, since each choice of these parameters completely specifies the parameters m/^- and 
Ri, we can scan over the unknown parameters; if the resulting spectrum is always excluded. 
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Figure 41: Excluded regions of the General NMSSM with A = (left) and X = 0.5 (right). We 
have included radiative corrections by assuming degenerate squarks at 1 TeV, with no squark 
mixing and Mt = 175 GeV. Note the influence of radiative corrections on the charged Higgs 
mass for large tan /5 since both ht and hb must be large for such corrections to be important. 

then we conclude that this point in the m^i-tan/? plane (for fixed A) is excluded. For these 
excluded regions we use the available LEPl and LEP2 — 95% exclusion lines. 

(ii) An excluded lower limit on niA, as a function of tan/5 and A in this model comes from 
the non-observation of Z hiAj. The excluded lower limit on rriA in this model is determined 
by the "worst-case" values of mh^,mA , Si, 7 consistent with this value of tua- It turns out that 
the worst case experimentally is when the three CP-even Higgs bosons all have equal masses 
as heavy as possible 



2 , 



mA + {mz^ - X^v^) sin^ 2(3 



(56) 



and equal coupling factors, Si'' ~ 1/3, and the two CP-odd Higgs bosons both have masses 
equal to and 7 = 7r/4, leading to R^zhiAj = 1/6- For these excluded regions we use the 
simple approximation that 50 events corresponds to 95% exclusion. 

(iii) Finally we shall present excluded regions for charged Higgs production, assuming de- 
tection up to the kinematic limit. We note that the charged Higgs signal is the same as in the 
MSSM as considered in Section 3. 



In Fig.ffT] we show the excluded regions of this model corresponding to the choice of pa- 



86 



rameter A = for the three sets of LEP2 machine parameters ^/s = 175, 192, 205 GeV and 
/ C= 150, 150, 300 pb~^, respectively, and using the LEPl and LEP2 exclusion data. Fig. ^ 



and Table 0. In each case the solid lines correspond to exclusion limits from Z Zhi as 
obtained using procedure (i) above in the NMSSM, the dashed lines correspond to exclusion 
limits from Z hiAj as obtained using procedure (ii) above in the NMSSM, and the dotted 
lines correspond to the exclusion limits from charged Higgs production using procedure (iii) 
above. These exclusion plots should be compared to similar exclusion plots in the MSSM for 
Mf = 175 GeV and degenerate squarks at 1 TeV, which are the parameters assumed in Fig.ffI 



In Fig.^ we also show a similar plot but with A = 0.5. In this case the solid lines have 
disappeared beneath the tan/? = 1 horizon, because for larger A the bound A may be larger, 
which allows a heavier CP-even spectrum which is consequently more difficult to exclude. The 
charged Higgs and hiAj channels now give improved coverage, however, since larger A decreases 
the charged Higgs mass, and also decreases the hi masses for a fixed Si coupling. 



4.1.2 The Constrained NMSSM 

As noted in the introduction, the constrained NMSSM is defined by eq.(|50|) with /i, /i', /i" 
and the condition of universal SUSY-breaking gaugino masses M1/2, scalar masses mo and 
trilinear couplings Aq at Mqut- In addition, the effective potential has to have the correct 
properties, i.e. the SU{2) x U{1) symmetry has to be broken by Higgs vev's, but the vev's of 
charged and/or colored fields as sleptons, squarks and charged Higgs scalars have to vanish. 
Finally, present lower limits on sparticle masses due to direct searches have to be satisfied, and 
for the top-quark mass Mt we require values between 150 GeV and 200 GeV. 

A priori the constrained NMSSM has six parameters at Mqut, three dimensionless couplings 
A, k and ht (the top-quark Yukawa coupling) and three dimensionful ones M1/2, mo and Aq. 
The scale set by the known mass of the Z boson reduces the number of free parameters of the 
model to five. A scan of the parameter space of the model, which is consistent with all the 



above constraints, has been performed in [|129|| and ||130|| . Below we present results, relevant 



for the Higgs search at LEP2, which are based on the data obtained in ||129| |. We will discuss 
the allowed Higgs masses and couplings within the constrained NMSSM. 

First note that neither a CP-odd Higgs boson Aj with sufficiently large coupling RzhiAj 
nor a charged Higgs boson can be sufficiently light within the constrained NMSSM in order 
to be visible at LEP2. Thus we will concentrate on the neutral CP-even Higgs bosons in the 
following. Concerning their decays, it follows that neutralinos are too heavy to play a role, 
thus their branching ratios are close to the standard model ones (essentially hb) and the same 
search criteria apply. 

In general, the upper limit on the lightest Higgs mass as a function of the top-quark mass 



Strictly speaking if A = then there is no singlet mixing. However these curves apply to the case where 
A is small (say less than 0.1) and singlet mixing is possible. Such small values of A are always found in the 
constrained NMSSM. 
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depends on the magnitude of the SUSY-breaking parameters due to radiative corrections to 
the Higgs potential For a gluino mass beyond 1 TeV more and more fine tuning is required 
between these parameters; thus Fig.^ shows the upper hmit on the hghtest Higgs boson within 
the constrained NMSSM as a dashed fine, for gluinos fighter tfian 1 TeV. 

As noted before, tfie figfitest Higgs boson witfiin tfie NMSSM can essentiafiy be a gauge 
singlet state and tfius couple very weakly to tfie Z boson. Fig.^ (left) sfiows tfie logaritfim 
of tfie coupling i?i as a function of tfie mass m\ of tfie figfitest Higgs boson. Two different 
regions exist witfiin tfie constrained NMSSM: A densely populated region witfi i?i ~ 1 and 
mi > 50 GeV, and a tail witfi R\ < (or 1 and mi as small as ~ 10 GeV. Witfiin tfie tail, 
tfie figfitest Higgs boson is essentially a gauge singlet state, wfiicfi explains tfie smafi values 

of i?i. 

Tfie solid line in Fig.^ (left) indicates (for mi > 60 GeV) tfie boundary of tfie region wfiicfi 
can be tested at LEP2 witfi a maximal cm. energy of 192 GeV and a luminosity of 150 pb~^; 
tfie dotted line corresponds to a maximal cm. energy of 205 GeV and a luminosity of 300 pb^^ 
[botfi after combining all experiments [|135|| ]. A large part of tfie region witfi -Ri ~ 1, but only 
a small part of tfie tail can be tested. 
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Figure 42: The logarithm of the ZZhi(2) coupling Ri{2) squared vs. the mass of the lightest 
CP-even state hi{2) in the constrained NMSSM. 

Fortunately, as noted above, tfie second figfitest Higgs boson cannot be too fieavy if tfie 
figfitest Higgs boson is essentially a gauge singlet state ||131|1 , [|132|| , ||133|| . In tfie region of tfie 
tail of Fig.^ (left), witfiin tfie constrained NMSSM, tfie mass of tfie second Higgs boson /12 
varies between 80 GeV and tfie upper limit indicated in Fig.^ as a dasfied line. Its coupfing 
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to the Z boson i?2 is very close to 1 if i?i ^ 1. Fig.^ (right) shows the logarithm of the 
coupling i?2 as a function of the mass m2 of the second lightest Higgs. The tail of Fig.^ (left) 
corresponds to the region with i?2 ~ 1 in Fig.^ (right) and vice versa. Thus, a small part of 
the parameter space corresponding to the tail of Fig.^ (left) actually becomes visible at LEP2 
through the observation of which behaves like the lightest Higgs boson of the MSSM in this 
case. 

If a Higgs boson is observed, it will generally be very difficult, however, to distinguish the 



NMSSM from the MSSM ||130|| . This seems only possible if a Higgs boson happens to contain a 
sizeable amount of the singlet state (and hence a measurably reduced coupling to the Z boson), 
but couples still strongly enough in order to be visible. Finally, the constrained NMSSM could 
actually be ruled out at LEP2 if a neutral CP-odd Higgs particle, a charged Higgs particle, or 
an invisibly decaying Higgs particle would be observed. 



4.2 Non-linear Supersymmetry 

Most of the supersymmetric models investigated so far are models based on linearly realized 
supersymmetry. However, supersymmetry may as well be realized nonlinearly. Whereas the 
linear supersymmetric models require supersymmetric partners for all conventional particles in 
the standard model, the nonlinear models do not lead to SUSY partners. Most global nonlinear 



supersymmetric models require only one new particle: the Akulov-Volkov field [136], which is 
a Goldstone fermion. This Goldstino can be removed by going over to curved space, i.e. to 
supergravity, where it can be gauged away. In the fiat space limit, the supergravity multiplet 
decouples from ordinary matter so that supersymmetry can manifest itself only in the Higgs 
sector. 

The formalism for extending the standard model to a supersymmetric theory in a nonlinear 
way was developed in ref. [|137]| . Recently, the general form of the nonlinear supersymmetric 



standard model has been constructed and the Higgs potential in the fiat space limit [ p.38|| has 
been derived. 

The Higgs sector of the nonlinear SUSY models is evidently larger than that of the Standard 
Model. It contains at least two dynamical Higgs doublets and an auxiliary Higgs singlet. In the 
case that both the dynamical and the auxiliary singlet are included in the theory, the spectra 
of Higgs bosons in the nonlinear models resemble those of the linear model with two Higgs 
doublets and one singlet (NMSSM). Both models have three scalar, two pseudoscalar Higgs 
bosons and one charged Higgs boson pair. However, the structure of the Higgs potential is 
quite different between nonlinear models and the NMSSM. For the general nonlinear model, 
the complete potential in the flat space limit is given by ||138 | 



V = l{gl + gl){m'-\Hrr+'^9l\HtH,\' + \t^, + X,N\'\H'\' 

+ 1/^2 + A2iV|2 \H^\^ + \X,H'^eH^ + /igiV + kN^\^ (57) 
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involving novel types of interactions between the Higgs fields. The two Higgs doublets H^, 
and the singlet develop the vev's fi,f2, and x respectively. The three scalar Higgs bosons 
are the eigenstates of the scalar-Higgs mass matrix. In a way similar to the NMSSM, an upper 
bound for the mass mi of the lightest scalar Higgs boson 5*1 can be derived at the lowest order ,0 



2 ^ 2 



l,max 



m|(cos^ 2f3 + 2Xlsm^ 2(3) 



(5^ 



where = Xl/igf + gl)- Hence, mi < mz for Aq < \J {gf + gi)/'^ ~ 0.52 and mi < 1.92Aom^ 
for Aq > 0.52. In the latter case, the upper bound of Aq determines the limit of mi. For 
Mt = 175 GeV and with the GUT scale as cut-off scale, one obtains mi < 130 GeV. Even 
though at the cm. energies of 175, 192, and 205 GeV for LEP2 the production of 5*1 may be 

kinematically po^^^^^*-* fVi^^ nmrlnr'finn rpffi ic: in cr*^nfirpl nr»^" Iprcr*^ f^nmicrVi fnr .Q-, i-Q \)q dctCCtcd. 
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Figure 43: Contour lines of the lightest scalar Higgs mass mi (dashed) and of the production 
cross section a (full) at y/s = 175 GeV, as functions of Ai, A2 for tan/? = 6, Aq = 0.3, k = 
—0.02, mc = 400 GeV. The shaded area marks the parameter region excluded by LEPl, defined 
as the region where the production cross section at the Z peak is greater than 1 ph. 

We have first searched for parameter regions where the experimental lower limit on mi given 
by the LEPl data is minimal; it turned out that there are regions where even mi = is still 



^In the present exploratory analysis we have neglected the radiative corrections. 
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allowed. Fig.^ shows (dashed) the contour lines of mi and (full) the contour lines of the cross 
section a for the production of 5*1 in e~^e~ collisions at ^/s = 175 GeV, in the Ai, A2 plane for a 
representative set of the parameters tan/3, Aq, k and nic {rric being the charged-Higgs mass). 
In the shaded region, the cross section a at a/s = mz is greater than 1 pb, which corresponds 
to the discovery limit of LEPl for mi ~ 65 GeV ||135|| . This region is excluded by LEPl since 



the discovery limit decreases with decreasing mi. The discovery limit at =175 GeV with 
a luminosity of 500 pb~^ is about 50 fb for mi = 80 GeV (about 30 fb for mi = 40 GeV) ||135 . 



Thus the region accessible at LEP2 includes the area in Fig.^ where mi < 80 GeV and a > 
50 fb. As with LEPl, a massless 5*1 could be undetectable. 

For some parameter sets, the nonlinear SUSY model may be tested even if the lightest scalar 
is undetectable. If the production cross section of 5*1 is smaller than the discovery limit, one 
can examine whether the production of the other Higgs bosons is kinematically possible and 
whether their production rates are large enough for discovery. 

For the higher energies 192 and 205 GeV, the effects are similar to the 175 GeV case. 
Though the accessible region increases, an undetectable massless S'l Higgs boson is still pos- 
sible. Energies of 240 GeV and more are needed to test this nonlinear supersymmetric model 
conclusively. 



4.3 Majoron Decays of Higgs Particles 

There are a variety of well motivated extensions of the Standard Model (SM) with a sponta- 
neously broken global symmetry. This symmetry could either be lepton number or a combina- 
tion of family lepton numbers | 139| , [140| |. These models are characterized by a more complex 



symmetry breaking sector which contains additional Higgs bosons. It is specially interesting 
for our purposes to consider models where such symmetry is broken at the electroweak scale 



141| , |142|| . In general, these models contain a massless Goldstone boson, called majoron (J), 
which interacts very weakly with normal matter. In such models, the normal doublet Higgs 
boson is expected to have sizeable invisible decay modes to the majoron, due to the strong 
Higgs-majoron coupling. This can have a significant effect on the Higgs phenomenology at 
LEP2. In particular, the invisible decay could contribute to the signal of two acoplanar jets 
and missing momentum. This feature of majoron models allows one to strongly constrain the 
Higgs mass in spite of the occurrence of extra parameters compared to the SM. In particular, 
the LEPl limit on the predominantly doublet Higgs mass is close to the SM limit irrespective 



of the decay mode of the Higgs boson [|143| , |144 



We consider a model containing two Higgs doublets (^1,2) and a singlet (a) under the 
SU{2)l X U{1)y group. The singlet Higgs field carries a non-vanishing U{1)l charge, which 
could be lepton number. Here we only need to specify the scalar potential of the model: 

V = /i,20l0, + /i>V + A,(0|0i)2 + A3(aV)2 + 

Xl2{4<Pl){4<p2) + Ai3(0l0l)(aV) + A23(402)(^M 



91 



+<5(4(/.2)(40i) + i«:[(0l02)'+ h.c] (59) 

where the sum over repeated indices i=l,2 is assumed. 

Minimization of the above potential leads to the spontaneous SU{2)l x f/(l)y x U{1)l 
symmetry breaking and allows us to identify a total of three massive CP even scalars Hi 
(i=l,2,3), plus a massive pseudoscalar A and the massless majoron J. We assume that at the 
LEP2 energies only three Higgs particles can be produced: the lightest CP-even scalar h, the 
CP-odd massive scalar A, and the massless majoron J. Notwithstanding, our analysis is also 



valid for the situation where the Higgs boson A is absent ||145| , which can be obtained by setting 
the couplings of this field to zero. 

At LEP2, the main production mechanisms of invisible Higgs bosons are the Higgs-strahlung 
process (e+e~ hZ) and the associated production of Higgs bosons pairs (e+e~ Ah), which 
rely upon the couplings hZZ and hAZ respectively. The important feature of the above model 
is that, because of its singlet nature, the majoron is not sizeably coupled to the gauge bosons 
and cannot be produced directly, thereby evading strong LEPl constraints. The hZZ and hAZ 
couplings depend on the model parameters via the appropriate mixing angles, but they can be 
effectively expressed in terms of the two parameters e^, e^: 

Chzz = eBiV^Gpf'^mlZ^Z^'h (60) 
ChAz = -eA—^Z^^hd,A (61) 

The couplings eA{B) are model dependent. For instance, the SM Higgs sector has = and 
es = 1, while a majoron model with one doublet and one singlet leads to = and < 1. 

The signatures of the Higgs-strahlung process and the associated production depend upon 
the allowed decay modes of the Higgs bosons h and A. For Higgs boson masses ruh accessible 
at LEP2 energies the main decay modes for the CP-even state h are bb and J J. We treat the 
branching fraction B = BR{h J J) as a free parameter. In most models BR is basically 
unconstrained and can vary from to 1. Moreover we also assume that, as it happens in the 
simplest models, the branching fraction for A ^ bb is nearly one, and the invisible A decay 
modes A — > hJ, A J J J do not exist (although CP-allowed). Therefore our analysis depends 
upon five parameters: mh-, rriA, €a, ^b, and B. This parameterization is quite general and 
very useful from the experimental point of view: limits on rrih, rriA, ^a, ^b, and B can be later 
translated into bounds on the parameter space of many specific models. 

The parameters defining our general parameterization can be constrained by the LEPl data. 
In fact Refs. [ P^ , P-46|| analyze some signals for invisible decaying Higgs bosons, and conclude 
that LEPl excludes rrih up to 60 GeV provided that > 0.4. Similar results are obtained in 

fig-(lD. 



The bb + topology is our main subject of investigation and we carefully evaluate signals 
and backgrounds, choosing the cuts that enhance the signal over the backgrounds. Our goal is 
to evaluate the limits on rUh, niA, ^a, ^b, and B that can be obtained at LEP2 from this final 
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state. There are three sources of signal events with the topology 2 6-jets: one due to the 
associated production and two due to the Higgs-strahlung. 



e+e- ^ {Z ^ hh) + {h^ J J) (62) 
e+e" (Z uu) + {h^ hi) (63) 
e+e" ^ {A^ hi) + {h^ J. J) (64) 

The signature of this final state is the presence of two jets containing h quarks and missing 
momentum (^^)- It is interesting to notice that for light mh and m^, the associated production 
dominates over the Higgs-strahlung mechanism [ |146| . 



There are several sources of background for this topology: 

e+e^ — i> Z/7 Z/7 qq vv e+e^ (e+e^)77 [e+e^]gg 
e+e- Z*/Y qq[ni] e+e" W+W- qq' [l]v 
e+e^ ^ W[e\v qq' [e\v e+e^ Zvv qq vv 

where the particles in square brackets escape undetected and the jet originating from the quark 
q is identified (misidentified) as being a 6-jet. 

At this point the simplest and most efficient way to improve the signal-over-background 
ratio is to use that the A and h decays lead to jets containing 6-quarks. So we require that the 
events contain two 6-tagged jets. Moreover, the background can be further reduced requiring 
a large We therefore have imposed a set of cuts which is based on the cuts used by the 
DELPHI collaboration for the SM Higgs boson search |^ . 



Depending on the h and A mass ranges, including or excluding an invariant mass cut 
m ± 10 GeV [where m is the mass of the particle decaying visibly] gives better or weaker limits 
on the ZhA and ZZh couplings. Therefore, for each mass combination four limits are calculated 
(with or without invariant mass cut, with thrust cut or the cut on the minimal two-jet energy) 
and the best limit is kept. 



We denote the number of signal events for the three production processes (^ - ^4]), after 



imposing all cuts, A^jj, iVsAf, and Na respectively, assuming that = = 1. Then the 
expected number of signal events when we take into account couplings and branching ratios is 

iVe,p = e| \BNjj + (1 - B)Nsm\ + t\BNA (65) 

In general, this topology is dominated by the associated production, provided it is not sup- 
pressed by small couplings or phase space. The most important background after the cuts 
is Z/7Z/7 production. The total numbers of background events summed over all relevant 
channels are 2.3, 2.8 and 5.9 for ^/s = 175 , 190 and 205 GeV respectively. 



In order to obtain the limits shown in Figs. ^4| - ^ , we assumed that only the background 
events are observed, and we evaluated the 95 % CL region of the parameter space that can 
be excluded with this result. By taking the weakest bound, as we vary B, we obtained the 
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Figure 44: Limits on e\ as a function ofrrih for 500 ph and 
and ^/s — 190 GeV; for different values of B — Br{h J J) 
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Figure 45: Limits on e\ as a function of mh,mA for y/s = 190 GeV. The left plot shows the 
limits obtained for B — Br{h — > J J) — 1, in the right plot B is varied from to 1. 
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absolute bound on e^, e^, and ruh independent of the h decay mode. The hmits on obtained 
by searches for the bb + final states are stronger than those obtained from the bbbb topology. 
Moreover, the bounds in the limiting case = apply for the simplest model of invisibly 
decaying Higgs bosons, where just one singlet is added to the SM. A more complete presentation 



of these results will be given in Ref. |147 



4.4 Strongly Interacting Higgs Particle 

The radiative corrections at LEPl depend only logarithmically on the Higgs mass, and the 
measurements, although very precise, are not sufficient to determine the structure of the Higgs 
sector. It is therefore necessary to keep an open mind to the possibility that the Higgs sector is 
more complicated than in the Standard Model. Beyond the Standard Model various extensions 
have been suggested. One of the possibilities is supersymmetry which has been previously 
discussed. Another possibility is strong interactions in the form of technicolor, which at least 
in its simplest form is ruled out by the LEPl data. Strong interactions in the Standard Model 
itself imply a heavy Higgs boson and can presumably be studied at the LHC 

However, the idea of strong interactions is more general. In particular it is possible that 
strong interactions are present in the singlet sector of the theory. In general the choice of 
representations in a gauge theory is arbitrary and presumably a clue to a deeper underlying 
theory. Singlets do not have quantum numbers under the gauge group of the Standard Model. 
They therefore do not feel the strong or electroweak forces, but they can couple to the Higgs 
particle. As a consequence, radiative corrections to weak processes are not sensitive to the 
presence of singlets in the theory, because no Feynman graphs containing singlets appear at 
the one-loop level. Because effects at the two-loop level are below the experimental precision, 
the presence of a singlet sector is not ruled out by any of the LEPl precision data. 

It is therefore not unreasonable to assume that there exists a hidden sector that affects 
Higgs physics only. Such an extension of the Standard Model involving singlet fields preserves 
the essential simplicity of the model, while at the same time acting as a realistic model for 
non-standard Higgs properties. Here we will study the coupling of a Higgs boson to an 0{N) 
symmetric set of scalars, which is one of the simplest possibilities introducing only a few extra 
parameters in the theory. The extra scalars may give rise to large invisible decay width of 
the Higgs particle. When the coupling is large enough, the Higgs resonance can become wide 
even for a light Higgs boson. This has led to the conclusion that this Higgs particle becomes 



undetectable at the LHC [[L48|] . As one can measure missing energy more precisely at e~^e~ 
colliders than at a hadron machine, LEP2 can give important constraints on the parameters of 
the model. However, it is clear that there will be a range of parameters where this Higgs boson 
can be seen neither at LEP nor at the LHC. 
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a) The Model 

The Higgs sector of the model is described by the following Lagrangian, 

where is the normal Higgs doublet and the vector ip is an N-component real vector of scalar 
fields, which we call phions. Couplings to fermions and vector bosons are the same as in the 
Standard Model. The ordinary Higgs field acquires the vacuum expectation value v/\/2. We 
assume that the (^-field acquires no vacuum expectation value, which can be assured by taking 
uj positive. After the spontaneous symmetry breaking one is left with the ordinary Higgs boson, 
coupled to the phions into which it decays. Also the phions receive an induced mass from the 
spontaneous symmetry breaking. The factor is taken to be large, so that the model can be 
analyzed in the 1/A^ expansion. By taking this limit, the phion mass stays small, but because 
there are many phions, the decay width of the Higgs boson can become large. Therefore the 
main effect of the presence of the phions is to give a large invisible decay rate to the Higgs 
boson. The invisible decay width is given by 



H 



327!'mH 



(66) 



The Higgs width is compared with the width in the Standard Model for various choices of 
the coupling uj in Fig.^ The model is different from Majoron models, since the width is not 
necessarily small. The model is similar to the technicolor-like model of Ref.[ L4y| . 



Consistency of the model requires two conditions. One condition is the absence of a Landau 
pole below a certain scale A. The other follows from the stability of the vacuum up to a certain 



scale. An example of such limits is given in Fig.^, where k = was taken at the scale 2mz, 
which allows for the widest range. For the model to be valid beyond a scale A one should be 
below the indicated upper lines in the figure. One should be to the right of the indicated lower 
lines to have stability of the vacuum. 

For the search for the Higgs boson there are basically two channels; one is the standard 
decay, which is reduced in branching ratio due to the decay into phions. The other is the 
invisible decay, which rapidly becomes dominant, eventually making the Higgs resonance very 
wide, Fig.^ In order to find the bounds we neglect the coupling n as this is a small effect. We 
also neglect the phion mass. For non-zero values of the phion mass the bounds can be found 
by rescaling the decay widths with the appropriate phase space factor. The present bounds, 
coming from LEPl invisible search, are included as a dashed curve in Fig.E^ below. 



b) LEP2 Bounds 

In the case of LEP2 the limits on the Higgs mass and couplings in the present model come 
essentially from the invisible decay, as the branching ratio into bb quarks drops rapidly with 
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Figure 46: (left) Higgs width in the phion model, in comparison with the Standard Model. 

Figure 47: (right) Theoretical limits on the parameters of the model in the uj vs. Mh plane. 
For a given scale A, the physical region is below the upper lines and to the right of the lower 
lines. 

increasing y^-Higgs coupling. To define the signal we look at events around the maximum of 
the Higgs resonance, with an invariant mass mn ± A for A = 5 GeV, which corresponds to 
a typical mass resolution. Exclusion limits are determined by Poisson statistics as defined in 
Appendix |5.3| . The results are given by the full lines in Fig.^ One notices the somewhat 
reduced sensitivity for a Higgs mass near the Z boson mass and a looser bound for small Higgs 
masses because there the effect of the widening of the resonance prevails. The small uj region 
is covered by visible search. There is a somewhat better limit on the Higgs mass for moderate 
uj in comparison with the u = case; this is due to events from the extended tail of the Higgs 
boson which is due to the increased width. 

We conclude from the analysis that LEP2 can put significant limits on the parameter space 
of such a model. However there is a range where the Higgs boson will not be discovered, even if 
it does exist in this mass range. This also holds true when one considers the search at the LHC. 
Assuming moderate to large values of uj, i.e. in the already difficult intermediate mass range, it 
is unlikely that sufficient signal events are left at the LHC. In that case the only information can 
come directly from high-energy e~^e~ colliders or indirectly from higher precision experiments 
at LEPl. 
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5 Appendices 



5.1 Higgs-strahlung and WW Fusion 



Compact forms can be derived for the cross section of the process ||T^, 11 



(67) 



by choosing the energy Eh and the polar angle 9 of the Higgs particle as the basic variables in the 
e^e~ cm. frame. The overah cross section that will be observed experimentally, receives contributions 
2) X Qs from Higgs-strahlung with Z decays into three types of neutrinos, Qw from WW fusion, and 
Qi from the interference term between fusion and Higgs-strahlung for Pgfe final states. We find: 
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(69) 



(70) 



(71) 



where Ce = — 1 and Vf> = — 1 -|- As'yy. The cross section is written explicitly in terms of the Higgs 

) , and the energy gjy = y/s — Eh and invariant mass squared = ef, — 



H 



momentum p = {E'jj 

of the neutrino pair. The expression for Qw had first been obtained in Ref. [pl)| . The following 
abbreviations have been introduced: 



si,2 = ^^s{^u ± P cos 9' 
hi^2 = 1 + 2m^/si,2 

= 1 - 2sSu/isiS2) 

sl = l- cl 



h,2 
r 



hl,2 + Cx^2,l 
.2 I u2 



h{ + h^ + 2cy^hih2 - 



£ = log 



hih2 + c^ + y/r 

/ll/l2 + C^- ^ 



To derive the total cross section a{e'^e Hw), the differential cross section must be integrated 
over the region —1 < cos 9 <1 and mn < E < ^y/s (1 -|- mn/s) . 
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5.2 Higgs Mass Computation: analytical approximation in the limit 
of a common scale Ms and restricted mixing parameters 

In this appendix we present the results of the analytical approximation which reproduces the two-loop 
RG improved effective potential results in the case of two light Higgs doublets below Ms {ruA < Ms) 
[pg|]. The two CP-even and the charged Higgs masses read 
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The above quartic couplings are given by 
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16.2 vl'^-^? + 16^3)* 



They contain the same kind of corrections as eg. (|2q) , including the leading D-term contributions, and 
we have defined, 
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All quantities in the approximate formulae are defined at the scale Mt- and ht = mt{Mt) / {v sin P) 
hb = mb{Mt) / {v cos (3) are the top and bottom Yukawa couplings in the two-Higgs doublet model. 



For niA < Mt, tan/3 is fixed at the scale m^, while for mA > Mt, tan/3 is given by 

,2 



tan/3(Mt) = tan/3(mA) 



(85) 



For the case in which the CP-odd Higgs mass rriA is lower than Mg , but still larger than the top- 
quark mass scale, we decouple, in the numerical computations, the heavy Higgs doublet and define an 
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effective quartic coupling for the light Higgs, which is related to the running Higgs mass at the scale 
niA through X^tua) = (m/i(myi)/2?j^). The low energy value of the quartic coupling is then obtained 
by running the SM renormalization-group equations from the scale uia down to the scale Mf. In 
the analytical approximation, for simplicity the effect of decoupling of the heavy Higgs doublet at an 
intermediate scale is ignored but is partially compensated by relating the value of tan /? at the scale 
Mt with its corresponding value at the scale niA through its renormalization-group running, eq. 
A subroutine implementing the above computations is available |93|. 



5.3 Deriving 5a Discovery and 95% C.L. Exclusion Contours 

The minimum luminosity needed to assess the discovery or to exclude the existence of a Higgs boson 
with mass mn can directly be determined from the numbers of events expected from the signal and 
from the background processes at the three different center-of-mass energies. Given the rather small 
numbers of events involved in this process, it is preferable to use Poisson statistics to derive the result. 

Several definitions for the "minimum luminosity needed" were proposed. For instance, the mini- 
mum luminosity needed for a 5a discovery can be defined either (i) as the luminosity needed by the 
typical experiment, i.e. by an experiment that would actually observe the number of events expected; 
or (a) as the luminosity for which 50% of the experiments would make the discovery at the requested 
5a level, where the a priori unknown numbers of events observed are properly generated according 
to a Poisson distribution around their expected values. Although both definitions lead to the same 
numerical result, a preference was given to the second one, which allows in addition the proportion of 
the experiments required to make the discovery to be varied. 

In detail, let b and s be the numbers of background and signal events expected with a luminosity 
of 1 fb~^, and a be the fraction needed for the discovery. The first definition corresponds to finding 
the smallest value of a that fulfills the condition 

1 - exp(-a6) 5] ^ < 5.7 X 10-^ (1) 
i=o ^■ 

where N = a{s + b), i.e. that renders the probability of a background fluctuation smaller than the 
probability of a 5a effect in the case of Gaussian distributions. The second requirement consists in 
finding the smallest value of a for which the number of events A'^i that would correspond to a 5a (high) 
fluctuation of the background alone is smaller than the numbers of events A''2 that would correspond 
to a 50% probability (low) fluctuation of the total number of events (signal included). This amounts 
to finding a value of N which fulfills, in addition to (1), the following condition 

exp [-a{s + b)] ^"^"^ < 0.5. (2) 

As to the exclusion of the existence of a signal at the 95% confidence level, the minimum luminosity 
needed has been similarly defined as the luminosity for which 50% of the experiments would actually 
exclude it in the case of the absence of signal. Again, this is equivalent to the luminosity needed by 
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the typical experiment, which is given by the value of a such that 



iV 

exp [-a{s + b)] ^ 

i=0 



[a{s + b)f 



< 0.05, 



N 

exp(— q;6) 

1=0 



{aby 



where N = ab. 

In both instances, when deriving the result, b and s were conservatively increased (resp. reduced) 
by their systematic uncertainties, mainly coming from the yet limited Monte Carlo statistics. The 
numbers of events expected by each of the four experiments were then added together, and the 
individual uncertainties were added in quadrature. 

However, one caveat should be mentioned. Even if it is legitimate to compute the minimum 
luminosity needed by each of the four individual experiments by requiring only 50% of the Gedanken- 
experiments to make the discovery/exclusion, this becomes unclear for the combined experiment: this 
minimum luminosity would not suffice in 50% of the cases, and this would not be "compensated" by 
having two (or four) such combined experiments. Since a choice for this fraction cannot be uniquely 
defined, the combined results have been presented with a fraction of 50% too. 
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